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III. Summary  
 
The material that will be discussed in this thesis is molybdenum oxide nanobelts. The 
molybdenum oxide nanobelt was synthesized using the hotplate technique. This 
technique was adopted because the process is simple and produces a high yield of 
nanomaterials. This technique was also extended to synthesize nanomaterial on a variety 
of substrates to study the effect of substrates on morphologies. Besides characterizing the 
synthesized material using XRD, Raman, TEM and SEM, the optical properties were also 
characterized and investigated. The nanobelts were found to exhibit vibrant colors and 
the investigation on the color led to the development of a new technique to conduct 
optical characterization on nanomaterials. To allow better control and manipulation of the 
optical properties of the nanobelt, nano-machining technique to manipulate the nanobelt 
surface using the atomic force microscope was developed and this technique exhibit great 
potential in the future surface related explorations. Besides the characterization of the 
materials, possible application of the nanobelt as photo-sensor, gas sensor, field emitters 
and hybrid system were also explored. 
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Chapter 1 : Introduction 
 
 
Achieving greater efficiency without compromising the small size of devices 
is a current trend in technology. One possible approach is to use nanotechnology such 
as the development of one-dimensional metal oxide nanostructures. These 
nanostructures have been studied extensively due to their unique properties. Various 
large-scale techniques1-7 to synthesize metal oxide nanostructures are also readily 
achievable. These techniques can be categorized into the liquid phased growth and the 
vapor phased growth.  
 
1.1 Solvothermal Method 
 
 
In the liquid phased growth process, the common ways to produce MoO3 
nanomaterials would be through the solvothermal and the hydrothermal processes. 
The solvothermal process refers to the chemical reaction of a premixed non-aqueous 
solution in an autoclave under heat and pressure to form nanomaterials. One such 
process was reported by Song et al.8 where H2MoO4 • H2O (5 mmol) was dissolved in 
10 mL 2 molL-1 of ammonia solution. The pH of the solution was adjusted to 2 - 3 
with 4 molL-1 of HCl , then about 1 mL of 37% HCl was added producing large 
amounts of white precipitate. The precipitate was mixed and stirred in 30 mL absolute 
ethanol before sealing in an stainless steel autoclave which maintained at 150oC for 8 
hours. The final product was first dried at 50oC under vacuum, then heated to 350oC 
with a ramping rate of 5oC min-1 and calcined at 350oC for 5 hours. The result was 
the synthesis of hexagonal MoO3 nanorods with lengths of about 4 – 6 μm and 
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diameters of 280 – 300 nm.  
 
1.2 Hydrothermal Method 
 
 
The process in the hydrothermal method is similar to that of the solvothermal 
process. The main difference is that in the case of the hydrothermal method, the 
reacting solution is aqueous. Using the hydrothermal method, Xia et al.9 attempted the 
synthesis of MoO3 nanobelts using (NH4)6MoO74 • 4H2O as the source of 
molybdenum. The solution for hydrothermal process was prepared by dissolving 1 
mmol of  (NH4)6MoO74 • 4H2O in 30mL of water before adding it slowly into nitrate 
solution (10 mmol of NaNO3 and KNO3, 5 mmol of Ca(NO3)2, 3 mmol La(NO3)3) 
under magnetic stirring to form a homogenous aqueous solution. Nitric acid was used 
to adjust the pH to 1-3 before transferring to an 100mL Teflon-lined stainless steel 
autoclave, sealed, and heated to 180oC for 24 - 36 hours. It is finally left to cool until 
room temperature naturally. The white precipitate was washed with DI water, dried 
and annealed at 500oC in oxygen for 2 hours. It was found that the morphology of the 
resultant nanomaterials could be controlled using different salts such as LiCl, MgCl2, 
CaCl2, LiBr, RbBr in both neutral and acidic media10,11.  It was proposed that the 
presence of positive ions (e.g. K+ and La3+) served as template between two MoO3 
monolayers, resulting in the aggregation of nanoparticles. These nanoparticles act as 
crystal seeds self-assembled into arrays along the cross-sectional diameter direction 
offering a lower surface energy.   
On the other hand, Zakharova et al. used Mo powder as their molybdenum 
source. 0.5g of Mo powder was dissolved in 30 mL of hydrogen peroxide at 5 – 10oC. 
The solution was mixed with 0.34g of oxalic acid (H2C2O4 • 2H2O) with molar ratio 
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of Mo6+ to H2C2O4 • 2H2O at 1:0.5. After 1 hour of stirring, the homogenous mixture 
was transferred to a stainless steel autoclave, kept at 180oC for 5 days and then cooled  
naturally to room temperature.  
Among these nanostructured metal oxides, transition metal oxide 
nanostructure offers a wider spectrum of potential applications, including field 
emission devices 1-3, optical limiting device 4, electro chromic devices 5, 
photochromic properties12, gas sensors 13,14, photo-luminescence devices 15 and 
catalyst 16. Molybdenum oxide is one such transition metal oxide and it has been 
reported to be a very popular material used for chemical industrial applications 16,17.  
In the vapor phased growth, the main processed involve is the vapor transport 
method and this method gives rise to two mechanism, mainly the vapor-solid (VS) 
mechanism and the vapor-liquid-solid (VLS) mechanism. In the vapor transport 
method, the synthesis process requires the use of an electric furnace to heat the source 
material, either MoO3 power18,19 or Mo metal20,21, in a crucible housed in a quartz 
tube to a high temperature of 750oC - 1000oC. During the heating process, the vapor 
would diffuse to a cooler region of the quartz or alumina tube where a substrate would 
reside. Growth of the MoO3 nanomaterials would then take place on the substrate. 
The growth mechanism would then take the form of either the VS or VLS growth.  
 
1.3 Vapor-Liquid-Solid (VLS) Mechanism 
 
 
In the vapor-liquid-solid (VLS) mechanism, when metal-coated substrates are 
annealed above certain temperature, the metal film melts and form droplets. Liquid 
has a higher sticking coefficient compared to solid, thus reactant gas adsorb on the 
droplet surface. As the droplets supersaturates with the precursor atoms, nuclei will 
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form at the droplet-substrate interface due to phase segregation. Subsequent addition 
of atoms into the nuclei will result in the growth of the nanostructure with the droplet 
serving as the virtual template by promoting crystal growth at the liquid-solid 
interface and restricting growth in other directions. The droplet remains at the tip of 
the resultant nanostructure and solidifies in the post-growth cooling phase to form a 
nanoparticle. The appearance of such nanoparticle is an indication of VLS growth 
mechanism. The VLS mechanism often promotes the formation of one-dimensional 
nanostructure through an anisotropic growth process. 
The size of the metal droplet is what determines the diameter of the grown 
structure. Under thermodynamic considerations, the minimum equlibrium size of the 
metal droplet required for sustained growth via the VLS route is expressed by 
[Equation 1-1] 22,23, where l is the volume of an atom in the liquid, lv is the liquid-
vapor surface energy, kB is the Boltzmann constant, T the temperature and s the 












 Equation 1-1 
This equation determines the smallest achievable size of the nanostructure grown 
through the VLS route.  
It was reported by Li et al. 21 that the vapor partial pressure increase with 
increasing temperature. When the temperature reaches 800oC, MoO3 melts. Further 
heating of the material results in the transportation of the vapor of MoO3 and its 
impurities (carbon) to a cooler region in the tube where they condense into tiny liquid 
droplets formed from the chemical reaction between MoO3 vapor and carbon oxides. 
These liquid droplets serve as preferential sites for the growth of MoO3 whiskers from 
the vapor. Further investigations using the Scanning Electron Microscope (SEM) 
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revealed droplets at the tip of the MoO3 nanomaterial.  
 
1.4 Vapor-Solid (VS) Mechanism 
 
 
In the VS method, the source material is normally placed in the high 
temperature region of the furnace while the substrate for nanomaterial growth will be 
located in a cooler region. The reactant gases are formed using techniques such as 
thermal evaporation which the vapor will then be transport by a carrier gas to the 
substrate. The resultant morphology of the nanostructures is highly dependant on the 
substrate temperature, processing pressure, carrier gas flow and the source material24.  
In this mechanism, the gas phase precursor reactants of the targeted nanomaterial are 
directly adsorbed on the substrate, followed by the nucleation and growth of 
nanostructure. The probability of forming a nuclei through this VS process is given by 
[Equation 1-2] and [Equation 1-3],where A is a constant,  the surface energy,  the 
supersaturation ratio, T the temperature in Kelvin. kB is the Boltzmann constant, p is 
the vapor pressure and p0 is the equilibrium vapor pressure of the condensed phase at 























 As Choopun et al. 18 reported, the position in the alumina tube where the 
substrate as MoO3 nanostructure growth corresponds to a temperature of about 700oC. 
This growth temperature region is coincidentally the same as the starting sublimation 
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temperature of MoO3 25 indicating growth by sublimation. It was believed that the 
vapor of MoO3 accumulates inside the tube and travels to the locations with the 
temperature of starting sublimation to condense directly into solid. Thus, the growth 
mechanism of the nanostructure is the vapor-solid mechanism.  
 From the discussion above, it is evident that the liquid phase growth method 
has the tendency to give rise to impurities in the nanomaterials produced. This can be 
seen in the report by Song et al.8. After the solvothermal treatment was completed, the 
MoO3 nanorod solution was centrifuged, rinsed with distilled water and absolute 
ethanol repeated till no more chlorine ions could be detected with silver ion. The 
excessive usage of chemicals and cumbersome synthesis process of the liquid phase 
growth method makes it an economically inefficient and environmentally unfriendly 
choice to produce MoO3 nanomaterials in large quantities. Hence, the vapor phase 
growth method was adopted as our main synthesis direction.  
To further improve the cost effectiveness and simplicity of the whole synthesis 
process, we have developed the hotplate technique. This technique only requires a 
commercially available hotplate as the heating source. Through this technique, we 
were able to synthesize large quantities of nanomaterials at low temperature (200-
550oC) and this process is totally catalyst free. Most importantly, simply by varying 
the growth duration, we can control the morphology and size of the nanostructure.  
In this thesis, a systematic study on the various physical properties of this 
material will be presented. Firstly, the optical properties will be discussed. Through 
the use of an optical microscope, the MoO3 nanobelts was observed to exhibit a wide 
variety of colors and the number density of colored nanobelts appeared to show a 
decreasing trend with respect to the increase in growth time. Reasons for the 
appearance of colored nanobelts were proposed and interesting experiments with 
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great aesthetic value were also carried out on these colorful nanobelts.  
In the investigation on the electrical transport properties of MoO3, it was 
found that, in models like the space-charge-limited current (SCLC)26, metal-
semiconductor-metal (MSM)27-33 are used to explain the I-V characteristics and 
photocurrents. Various current voltage measurements were made when studying its 
electrical properties. Results showed that MoO3 is a highly insulating material this 
phenomenon can be answered using the theory found in Schottky diodes. Besides 
investigating the electrical properties of the material, further investigation on its 
usability as a photo detection device was also conducted.  
Finally, efforts were spent on investigating novel ideas on possible 
applications of MoO3. It is hoped that the various experimental approaches in the last 
section of the thesis might help serve as reference material for future explorations.  
A survey of research papers on MoO3 nanomaterials revealed investigations 
primarily on the applications of MoO3 thin film and the synthesis process proposed by 
various groups were complicated and required expensive instrumentation. In this 
work, the objective is to look at the synthesis process of MoO3 nanomaterial and its 
physical properties, which we hope will eventually lead to more novel applications of 
this material. The motivations for this work are as follows: 
• Develop a simple and cost effective technique for the growth of MoO3 
nanomaterials. 
• Systematic study and detailed characterization of the MoO3 nanobelts 
synthesized through the hotplate technique. 
• Investigations into the physical properties of the MoO3 nanobelts and attempt to 
find its correlation with the optical properties. 
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•  Study the electrical properties of MoO3 nanobelts and investigate the effect of 
different wavelengths of light on the electrical properties. 
• Explore novel ideas on the possible integration of MoO3 to other systems for 
further applications 
Chapter 2 will discuss the development of the hotplate technique, where the 
nanobelt synthesis process would be illustrated, followed by the detailed 
characterization of the nanomaterial.  
In Chapter 3, we would further extend our physical characterization of the 
nanobelt by attempting to find the relationship between the physical structure of the 
nanobelt and its optical properties. Here we would present a novel technique called 
the AFM nanomachining technique. It was further developed to fully prove and 
explain our observation. Besides proving our hypothesis, this technique also opened 
new possibilities to further extend the application of MoO3 nanobelts.  
Chapter 4 is dedicated to investigation on the electrical transport of the 
nanobelt and study on the effects of different wavelengths of light emitting lasers on 
the electrical properties.  
Finally in Chapter 5, we would look at some of the other possible useful 
applications of MoO3 nanobelts and the possibility of integrating MoO3 nanobelts to 
other systems. 
Chapter 6 will conclude my thesis.
  Chapter 1: Introduction 
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Chapter 2 : Synthesis of MoO3 Nanobelts and 
Characterization Techniques 
 
In this chapter, the main aim is to introduce a simple and cost-effective method to 
synthesize MoO3 nanomaterials. Large-scale synthesis techniques such as sol-gel1-3, 
hydrothermal4-7, infrared heating8, solvothermal9,10, vapor transport method11, facile non-
hydrothermal method12 and thermal evaporation13-15 had been reported to synthesize 
metal oxide nanomaterials.  
The thermal evaporation of Mo onto substrates is an easy way to synthesize MoO3 
nanostructures. It had been reported by Zhou et al.13 that, the thermal evaporation of Mo 
at ~1100oC under the constant pressure and flow of Ar, could produce large area of 
aligned MoO3 on silicon substrate. On the other hand, Li et al.8 evaporated Mo in air at a 
temperature of ~850oC using infrared radiation heating to produce nanobelts.  Zach et 
al.
16 have also shown that MoO3 could be synthesized through the electrodeposition of an 
alkaline solution of MoO42- on graphite using the well-established step-decoration 
method.   
Following our successful application of hotplate technique to grow 
nanostructures17-19, the hotplate technique was used on Mo metal foil (via simple physical 
vapor deposition approach) to synthesize nanomaterials. The direct deposition of single-
crystalline MoO3 nanobelts under ambient conditions on a microscopic glass slide or any 
other substrates demonstrated the simplicity of this technique. The yield of MoO3 
nanobelts was high for many different types of surfaces and the nanobelts synthesized 
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were observed to exhibit interesting optical properties.  
The nanobelts synthesized were systematically characterized with a scanning 
electron microscope (SEM, JEOL JSM-6400F), a transmission electron microscope 
(TEM, JEOL JEM 3010) with in-build energy dispersive spectroscopy (EDS), a micro-
Raman (Renishaw System2000), and X-ray diffraction (XRD, Phillips PW 127)  
 
2.1 Characterization Methods and Techniques 
 
 
2.1.1 Scanning Electron Microscope (SEM)  
 
This is a type of microscopy that utilizes electrons to image the sample surface. 
This microscopy techninique raster scans a high-energy beam of electrons on the sample 
surface. The electron beam after interacting with the sample by repeated scattering and 
adsorption results in the reflection of high-energy electrons through elastic scattering, 
emission of secondary electrons by inelastic scattering and the emission of 
electromagnetic radiation (X-rays). The signals commonly used in SEM are the 
secondary electrons, backscattered electrons and X-rays. In our experiment, the SEM 
machine (SEM, JEOL JSM-6400F) utilizes the secondary electrons to perform imaging. 
The secondary electrons are low energy electrons emitted from the sample as the electron 
beam interacts with the sample. Typical energies of the secondary electrons are of the 
order of a few electron volts. Due to this low energy, these electrons do not travel far 
before being re-captured. This is the reason for the high surface sensitive signal. The 
backscattered electrons are electrons from the primary beam that has undergone one or 
several inelastic collisions before reemerging from the sample surface.  
                          Chapter 2: Synthesis of MoO3 Nanobelts and Characterization Techniques 
 
 13
 A type of scintillator-photomultiplier system known as the Everhart-Thornley 
detector detects the secondary electrons. Here, these low energy secondary electrons were 
accelerated towards the scintillator by the bias voltage to produce flashes of light. These 
light signals are then amplified and digitally converted for display or for saving in the 
computer.  
 
2.1.2 X-Ray Diffraction (XRD) 
 
The powdered X-ray diffraction was used for the characterization of the crystal 
structure, grain size and internal strains for the nanomaterial. The main concept of XRD 
comes from Bragg diffraction, which is the result of X-rays diffraction due to the lattice 
spacing of the material. By varying the x-ray detection angle theta, the Bragg's Law 
conditions are satisfied by different d-spacing in polycrystalline materials. Plotting the 
angular positions and intensities of the resultant diffracted peaks of radiation produces a 
pattern, which is characteristic of the sample. When a mixture of different phases is 
present, the resultant diffractogram is formed by addition of the individual patterns.   
In our experiment, the XRD spectrum was taken using the Phillips PW 127 (Cu-
Ka (1.52Å) radiation). First, the diffractogram of the substrate and holder was obtained 
before the growth process. After nanomaterial was grown on the substrate through the 
hotplate technique (to be illustrated later), the diffractogram of the substrate, holder and 
nanomaterial were taken. The peaks of the nanomaterial are obtained by taking the 
difference of the two diffractograms. This step is crucial in the analysis of the spectrum 
peaks as the large penetration length of x-rays results in the contribution of the substrate 
and holder.  
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The peak locations of the nanomaterial were compared against the database 
maintained by the International Centre for Diffraction Data to map the lattice plane to it 
corresponding peaks.  
 
2.1.3 Transmission Electron Microscopy (TEM) 
 
The Transmission Electron Microscopy was used to conduct more detailed 
investigation on the size, defect and crystalline information of the nanomaterial. This 
technique involves a beam of electrons transmitting though an ultra-thin sample, 
interacting with the sample as the beam passes through. The image formed from the 
interactions were magnified and captured using a CCD camera. The significantly higher 
resolution exhibited by the TEM is the result of the small de Broglie wavelength of the 
moving electrons.  
Similar to the SEM, the TEM (TEM, JEOL JEM 3010) have various types from 
electron guns. Typically, the thermionic emission of electrons from the tungsten filament 
is used for cheaper TEM with lower resolution. The LaB6 source gives the highest 
brightness while the field emission gun source gives the highest resolution due to the high 
coherence and small spot size.  
Apart from the high resolution imaging of the nanomaterial, the Selected Area 
Electron Diffraction (SEAD) diagram obtained from the diffraction of the electron by the 
lattice spacing of the sample provides information regarding the crystalline quality, defect 
structure and preferential growth direction. The growth direction can be easily 
determined by measuring the diffraction patterninter-spot spacing. This spacing is 
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compared to the inter-planar spacing calculated from the crystal structure parameters 
obtained from the powder diffraction file on the XRD measurement. 
The preparation of the sample for TEM analysis involves preparing an aqueous 
suspension of the sample by sonicating the substrate with the as grown nanomaterial in 
distilled water. A drop of suspension was placed on a commercially available Agar 
Scientific (S166-4) Lacey Carbon 400 Mesh Cu-grid. The grids were dried in ambient 
before used for TEM studies.  
 
2.1.4 Micro-Raman Spectroscopy 
 
The micro Raman spectroscopy technique is used to investigate the vibrational, 
rotational and other low frequency modes in a system. This technique relies on inelastic 
scattering, or Raman scattering, of monochromatic light, usually from a laser in the 
visible, near infrared, or near ultraviolet range. The laser light interacts with phonons or 
other excitations in the system, resulting in the energy of the emitted photons being 
shifted up or down (red or blue shifted, respectively). Red shifted photons are the most 
common, having been subjected to a "Stokes shift". The shift in energy gives information 
about the phonon modes in the system.  
 
During Stokes shift, the photon has interacted with the electron cloud of the 
functional groups bonds, exciting an electron into a virtual state. The electron then 
relaxes into an excited vibrational or rotational state. This causes the photon to lose some 
of its energy and is detected as Stokes Raman scattering. This loss of energy is directly 
related to the functional group, the structure of the molecule to which it is attached, the 
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types of atoms in that molecule and its environment which in turn function as a 
fingerprinting technique 
. 
Light from the illuminated spot is collected with a lens and sent through a 
monochromator. Wavelengths close to the laser line, due to elastic Rayleigh scattering, 
are filtered out while the rest of the collected light is dispersed onto a detector. In our 
experiment, the nanomaterial synthesized was transferred to a silicon substrate by 
scratching the nanomaterial off the growth substrate and onto the silicon substrate. The 
sample was analyzed using the Renishaw System2000 and the identifications of the 
various peaks were carried out by taking references to the various literature values.  
 
2.1.5 Atomic Force Microscopy (AFM) 
 
 
The Atomic Force Microscopy technique was used mainly for both the non-
destructive and destructive probing of the surface of nanomterial. This technique involves 
the use of a microscale cantilever with a sharp tip at its end. The tip when brought very 
close to the sample surface, served as a probe to scan the sample surface. The topography 
of the sample surface was mapped by monitoring the forces acting between the tip and 
the surface. This force would eventually lead to the cantilever deflection where the 
interaction force can be calculated using the Hook’s Law. Depending on the situation, 
forces that are measured in AFM include mechanical contact force, van der Waals forces, 
capillary forces, chemical bonding, electrostatic forces, magnetic forces (see magnetic 
force microscope, MFM), Casimir forces, solvation forces, etc. Typically, the deflection 
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is measured using a laser spot reflected from the top surface of the cantilever into an 
array of photodiodes. 
The tip is mounted on a vertical piezo scanner while the sample remained 
stationary while the surface was probed. The main advantage of the AFM technique is 
that there is no sample preparation invloved. The nanomaterial can be scanned directly 
from the as grown substrate. In our experiment, we had utilized both the contact 
(destructive) and tapping (non-destructive)  mode of the AFM (DI Nanoscope IIIa) to 
perform scanning.  
 
2.2 Experimental Procedure 
 
 
The nanostructures were synthesized by direct thermal annealing of a Mo foil 
under ambient condition. A Mo foil (5mm x 5mm x 0.05mm thick) from Aldrich 
Chemical Company, Inc) was used and placed on a Cimarec digital stirring thermal 
hotplate as illustrated in Figure 2-1(a). The Mo foil was allowed to be heated to 
temperature about 480 °C. A fisher glass slide was placed on top of the Mo foil as 
illustrated in the schematic in Figure 2-1(b). The assembly was heated for hours before it 
was cooled down to room temperature. When the chamber cooled to room temperature, 
the surface of the glass (SiO2) facing the Mo foil was covered with a uniform white 
translucent film as shown in Figure 2-1(c). Optical micrographs of the deposited thin film 
reveal layers of rectangular crystallites on the SiO2 surface as shown in Figure 2-1(d).  





Figure 2-1: (a) Optical imaging of the thermal hotplate used in this experiment. (b) 
Schematic of the experimental setup (c) Resultant thin film of nanobelts on glass 
slide. (d) Optical micrograph of the MoO3 deposited on the glass slide. 
 
 
The SEM imaging, Raman spectroscopy, and X-ray diffraction spectrum of the 
thin film were collected from the sample grown on the glass slide. For the purpose of 
other studies, the glass slide together with the nanostructures was first sonicated in 
distilled water for 5 minutes to create an aqueous suspension of nanomaterials. For TEM 
imaging, a drop of the suspension was left to dry on a Agar Scientific (S166-4) Lacey 
Carbon 400 Mesh Cu-grid. 
 
 







Figure 2-2: Scanning electron micrographs of the (a) synthesized MoO3 nanobelts 
on a glass substrate. (b) The surface of the Mo foil after heating (c) Closed up view 
of MoO3 nanobelts (d) Stacking faults found on the MoO3 nanobelts 
 
Figure 2-2(a) shows a SEM image of the MoO3 nanobelts grown on a glass slide. 
It is evident that uniformly distributed nanobelts had grown over the entire substrate. The 
nanobelts exhibited a wide range of thickness, ranging from 50 to 300 nm with wall 
length in the range of micrometers. On the other hand, there were hardly any such 
nanostructures found on the surface of the heated metal foil [Figure 2-2(b)]. Figure 2-2(c) 
shows that the nanobelt surface was smooth and the nanobelts overlapped each other in 
the growth process. A close-up view of a nanobelt in Figure 2-2(d) reveals the layered 
structure of the nanobelt.  





Figure 2-3: (a) Electron micrograph of one MoO3 nanobelt. (b) HRTEM imaging of 
an MoO3 nanobelt display orthorhombic characteristic with preferential growth 
direction at [001] direction. (c) HRTEM imaging of MoO3 nanobelt shows an 
amorphous layer at the edge of the nanobelt. (d) Selected Area Electron diffraction 
pattern for one of the MoO3 nanobelt 
 
Detail characterization was conducted with a high-resolution transmission 
electron microscope (TEM, JEOL JEM 3010) operating at 300 kV. A typical TEM image 
of the nanobelts is depicted in Figure 2-3(a). At high-resolution imaging [Figure 2-3(b)], 
the atomic lattice spacing could be traced to (100) and (001) plane with lattice spacing of 
0.39nm and 0.37nm respectively. The edge of the nanobelt was found to be covered with 
a thin layer of amorphous layer as shown in Figure 2-3(c). In Figure 2-3(d), the electron 
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diffraction (SAED) pattern of the area showed that the sample was highly crystalline and 
the sample was orthorhombic with growth direction in [100] and [001]. 
 
 
Figure 2-4: (a) X-ray Diffraction spectrum and (b)Raman spectrum of the 
nanostructure thin film measured. 
 
From the powder X-ray diffraction pattern and Raman spectrum of the thin film 
of nanostructure [Figure 2-4(a) and (b) respectively], we identified that the nanostructures 
formed were MoO3 formation. From literature (JCPDs 05-0508), the MoO3 nanobelts 
exhibit orthorhombic structure with the lattice constants: a=3.96Å, b=13.86Å, and 
c=3.70Å.  
 
2.4 Growth Mechanism 
 
 
This method synthesizes nanobelts very easily on many different surfaces [Figure 
2-5]. This includes surface such as gold coated quartz substrate, steel substrate and 
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stainless steel grid substrate.  The nanobelts synthesized using this method can easily be 
detached from the growth substrate by sonicating the substrate in distilled water.  
 
 
Figure 2-5: Growth of nanobelts on different substrates. Top: image of substrate 
Bottom: SEM image of corresponding substrate (a) Growth on Au coated quartz 





Figure 2-6: Schematic of MoO3 nanobelt synthesis using the Hotplate Technique 
 
                          Chapter 2: Synthesis of MoO3 Nanobelts and Characterization Techniques 
 
 23
This observation led us to propose that the growth mechanism of the MoO3 
nanobelt follows a Solid Vapor Solid deposition route20. Due to continuously heating of 
the Mo foil surface, surface oxidation at elevated temperature of about 500oC caused 
MoO3 to form easily on the Mo foil surface as illustrated in Figure 2-6(a) and (b). 
Although the temperature was much lower than the melting point of bulk MoO3 (912oC), 
surface melting was still possible at 500oC. The Mo oxide became vaporized, carried by 
the raising hot air and deposited onto the cooler substrate that was placed directly above 
the metal foil as shown in Figure 2-6(c). Furthermore, the temperature gradient that 
existed between the two surfaces of the Mo foil and the substrate, favored the deposition 
of the vapors. Single-crystalline nanobelt nucleated and stretched along the (001) 
direction on the SiO2 substrate via a vapor–solid process. Chu et al.21 proposed that the 
formation of MoO3 nanobelts could be divided into three stages involving the oxidation 
of molybdenum at the surface, the sublimation of oxide, and the nucleation and growth of 
molybdenum trioxide. It was believed that the molybdenum was oxidized to molybdenum 
trioxide at the first stage. During the sublimation many of molybdenum trioxide 
molecules existed in the form of (MoO3)n (usually n = 3 to 5)22.  
Theoretical calculations revealed that molecular chains of (MoO3)n formed by 
Mo–O6 octahedra linked by common edges along the [010] axis are energetically 
favorable against single MoO3 molecules21. It is known that MoO6 octahedra are 
connected by common edges along the [010] direction and by common corners along the 
[001] direction to form bilayers within the (100) plane. The number of Mo–O bonds 
along the [010] direction is twice that along the [001] direction, and bilayers are stacked 
via very weak van de Waals force along the [100] direction. Thus more energy would be 
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required to break the Mo–O bonds along the [010] direction. Conversely, formation of 
Mo–O bonds along the [010] direction would release more energy so that the system is 
more stable. As a result, the network structure formed by MoO6 octahedra along the [010] 
direction is stable and rigid compared to the [001] direction. 
 
 
Figure 2-7: Structural representation of orthorhombic MoO3. The solid line 
represents strong bonds while the dotted showed weak bonds. Edge shared MoO6 
distorted octahedra along the b and c axes21. 
 
Therefore, MoO3 would grow preferentially along the [010] direction. In addition, 
very weak van de Waals force between bilayers results in the growth of MoO3 in the 
integer multiples of 0.5a (half the inter-atomic spacing in the a – direction seen in Figure 
2-7) along the [100] direction, as measured by Chu et al21 via AFM.  
It was also suggested that from the perspective of thermodynamics, in equilibrium 
the resultant morphology of MoO3 should meet the requirement of minimization of 
energy at the growth temperature. Therefore, it is reasonable to speculate that the 
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resulting morphology of MoO3 is determined by the interplay of change of chemical free 
energy and surface energy with neglect of strain energy at the growth temperature,  
 
 
E = G i LWH( ) + 2 LW 100 +WH 010 + LH 001( )  Equation 2-1 
 
in which  G , L, W, and H represent the absolute value of change of chemical free 
energy to form MoO3 nanobelts per unit volume, the length, width, and thickness of a 
nanobelt respectively, and  100,  010, and  001 are the surface energies of the (100), (010), 
and (001) planes, respectively. To minimize E, we obtain 
 
 L : H :W =  010 : 001 : :100  Equation 2-2 
 
If we take the theoretical value of  001 = 0.9 Jm2 and the experimental value of L:W (at 
least 10),  010 is thus estimated to be 9 Jm2 according to Equation 2-2, which is 
considered unreasonable. Therefore, the resultant morphology of MoO3 nanobelts should 
be governed by growth kinetics. From the point of view of kinetics, the net rate of growth 
may be expressed as 
 
 




























in which  is the frequency of collision of MoO3 vapor to surface, c is the volumetric 
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concentration of MoO3 vapor, and n is the surface concentration of vacant sites for 
adsorption, taken as the number of bonds for unit area. Ea and Ed are the energy barriers 
for adsorption and desorption, respectively. Thus, the ratios of R values along the [100], 
[010], and [001] directions will be easily derived if their corresponding Ea and Ed are 
available.   
Due to the exponential change of R with Ea and Ed, little differences in Ea and Ed 
along the [100], [010], and [001] directions may lead to great differences in R. Therefore, 
large differences in growth rate along these directions could be well accounted for. From 
the above analysis, the growth of MoO3 nanobelts is known to involve the vaporization 
and condensation procedures. In the heating zone of the molybdenum foil source, the 
(MoO3)n vapor is formed at 700°C, and its saturation pressure is higher than that at 600°C 
in the collection zone of MoO3 products.  
The changes of free energy caused by different saturated pressures would be the 
driving force for the nucleation of MoO3 crystallites at growth temperatures (referred to 
as temperatures in the product collection zone). As soon as MoO3 crystallites are 
nucleated, more (MoO3)n molecules will be incorporated into crystal lattice. The 
subsequent growth behavior of MoO3 crystals at certain temperatures will be controlled 
by kinetics, i.e., by the respective growth rates along the [100], [010], and [001] 
directions, which can be described by Equation 2-3. In Equation 2-3, three elements n, Ea, 
and Ed may be different for three crystallographic directions at a certain growth 
temperature, which determines their respective growth rates and thus the resultant 
morphology of MoO3 products. However, if dependences of Ea and Ed for three growth 
directions on the growth temperature are quite different, the resultant morphology will be 
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also different for different growth temperatures. At a given source temperature, the 
growth temperature would be mainly responsible for the resultant morphology of MoO3. 
When both the source and growth temperatures are fixed, the growth duration is expected 
to determine sizes along the [100], [010], and [001] directions, at least at the relatively 
early stage of growth. At the growth temperature of 600 °C the larger Ed and the smaller 
Ea along [010] as well as the larger n determined by the crystallography of the 
orthorhombic MoO3 compared to [001] and [100] all result in the far faster growth along 
[010] according to Equation 2-3, whereas the growth along [100] due to the very weak 
van de Waals force between bilayers is much slower than that along [001]. As a result, 
MoO3 grows in the manner of nanobelts. On the other hand, if the growth temperature is 
varied, the values of L:W:H would possibly be changed, and thus the resultant 
morphology would also be changed as discussed above. Therefore, changes of free 
energy caused by changes from high-saturated pressure in the source zone to low 
saturated pressure in the collection zone are the driving force. Source temperature, 
growth temperature, and duration all are expected to influence the formation of MoO3 
nanobelts. 
Knowing that the growth kinetics, ultimately the nanobelt structure is highly 
dependant on the temperature, energy barrier for adsorption and desorption (Ea and Ed), 
by experimenting on the various growth temperatures on different substrates would yield 
MoO3 nanobelts with different morphologies. The aim of investigating different growth 
parameters was to obtain information on the growth conditions that might produce 
nanobelts with interesting structures that has good application value. Using the 
experimental procedure illustrated in Figure 2-6, the structures grown on coverglass 
                          Chapter 2: Synthesis of MoO3 Nanobelts and Characterization Techniques 
 
 28
substrate at 500oC after 4 days of heating [Figure 2-8], carbon nanotubes (CNT) substrate 
with 0.6mm spacer at 300oC after 3 days of heating [Figure 2-9], patterned CNT substrate 
with 0.6mm spacer at 300oC after 3 days of heating [Figure 2-10], Au e-beam evaporated 
on silicon substrate at 500oC after 2 hours, 6 hours, 10 hours, 18 hours and 24 hours of 
heating [Figure 2-11(a) – (f)], 300nm of Au sputtered on Si substrate at 500oC after 24 
hours of heating [Figure 2-12(a) – (d)] and Fe sputtered on Si substrate at 500oC for 3 
days [Figure 2-13(a) and (b). 
 
 
Figure 2-8: Coverglass substrate at 500oC after 4 days of heating (a) schematics of 
setup (b) SEM image of structure 
 
 




Figure 2-9: CNT substrate with 0.6mm spacer at 300oC after 3 days of heating (a) 
schematics of setup (b) SEM image of structure 
 
 
Figure 2-10: Patterned CNT substrate with 0.6mm spacer at 300oC after 3 days of 
heating (a) schematics of setup (b) SEM image of structure 
 
 




Figure 2-11: Au e-beam evaporated on silicon substrate at 500oC (a) schematic of 
setup after (b) 2 hours, (c) 6 hours, (d) 10 hours, (e) 18 hours, (f) 24 hours 
 




Figure 2-12: 300nm of Au sputtered on Si substrate at 500oC after 24 hours of 
heating (a) schematics of setup (b) low magnification view (c) to (d) close-up view 
 
 
Figure 2-13: Fe sputtered on Si substrate at 500oC for 3 days (a) schematics (b) SEM 
image of structure 
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 Noting Figure 2-9 to Figure 2-13, most of the nanobelts synthesized have 
significant growth in the [001] and [010] direction as compared to the [100] direction. 
The SEM micrographs fully illustrate the model proposed in the growth of the nanobelt 
as we had shown the independence of the general morphology on the substrate used. An 
interesting observation can be seen from Figure 2-11, which illustrates the effect of 
growth time on the morphology. The nanobelts formed in the initial phase were short 
[Figure 2-11(b)] and had small L:W ratio. As the nanobelts continue to grow, the adjacent 
nanobelts start to merge to from a thin layer of MoO3 film [Figure 2-11(c)-(d)]. 
Eventually, the nanobelts that was grown over a long period of growth time will be the 
result of growth of nanobelts over MoO3 substrate, giving rise to a change in morphology 
[Figure 2-11(e)-(f)].  
The synthesis technique of using a furnace to heat the Mo foil in a ceramic boat to 
a temperature of 1100oC was also explored [Figure 2-14(a)]. The substrate used was a Si 
substrate and interesting nanobelt structures were noticed growing on the Si substrate, at 
the interface between the ceramic boat and the substrate. The process involves heating the 
setup to 1100oC in ambient conditions at a ramping speed of 10oC per minute and 
sustaining the temperature of 1100oC for 3 hours before allowing the setup to cool to 
room temperature under ambient conditions. 




Figure 2-14: (a) Schematics of the setup to grow nanomaterial using a furnace (b) 
SEM image of block-like nanostructures (c) SEM image of needle-like 
nanostructures (d) close-up SEM image of the needle-like structures 
  
Clearly, from Figure 2-14(b) – (d) that the MoO3 nanomaterial exhibit different 
morphologies. The reason could be due to the heterogeneous boundary at interface of the 
boat and substrate resulting in different surface energy present, hence a different growth 
result and structure.  
2.5 Conclusion 
 
 In conclusion, we have investigated some of the possible ways to synthesize 
MoO3 nanomaterials having different structures through means of manipulating the 
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substrate, growth temperature and duration. The resulting material can be characterized 
through various experimental techniques such as XRD, micro-Raman, SEM and TEM. 
From the TEM image, we clearly saw that the nanobelt had a preferential growth 
direction, and we had attempted to explain the phenomena through the effects of kinetic 
on the growth process.
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Chapter 3 : Optical Properties of MoO3 Nanobelts 
 
 
In this chapter, the discussion centers on the theoretical background behind the 
investigation of the optical properties of MoO3 nanobelts. This was approached by deriving 
the Fresnal’s Equations from Maxwell’s Equations before extending the concept to multi-
layer material. The equations derived were used to calculate the refractive index of the 
MoO3 nanobelt. The equations exhibited high dependency on the thickness of the material of 
interest. The final part of this chapter explains the attempt to control the optical properties 
through direct physical modification of the nanobelt thickness.  
3.1 Theory 
 
3.1.1 Maxwell Equations 
 
 
Maxwell Equations are the fundamental equations of electrodynamics [Equation 
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Quantities D and B are known as the electric displacement and magnetic induction 
respectively. They are introduced to include the effect of their respective fields on matter. σ 
and J are the charge and current densities. By setting σ and J to be zero, we are dealing with 
the propagation of electromagnetic radiation through space, and the result on Equation  3-1 
yield nonzero solutions. Thus, electromagnetic waves propagating in media in the absence 
of charges are called electromagnetic waves and they serve as the basis of optics.  
3.1.2 Boundary conditions 
 
 
The continuity of some components of the field vectors at the dielectric boundary 
serves as an important condition in investigating the reflection and transmission of radiation 
through layered media.  
Consider a boundary surface separating two media with different dielectric 
permittivity ε and permeability μ for medium 1 and 2. The boundary conditions for B and D 







∫ ∫ •=•∇ SFF ddV  Equation  3-2 
 
Applying the Gauss Divergence theorem [Equation  3-2] to the Maxwell Equations 





Figure  3-1: Short cylinder with area S across interface and 
normal n
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approaches zero, to the integral over the end surfaces leading to [Equation  3-3 and Equation 
 3-4]. 
( ) 012 =−• BBn  Equation  3-3 
( ) σ=−• 12 DDn  Equation  3-4 
 
For field vectors E and H, a rectangular contour with two long sides parallel to the 







∫ ∫ •=•×∇ dld FSF   Equation  3-5 
 
After applying Stokes Theorem [Equation  3-5] to both sides of Equation  3-1, in the 
limit as the width approaches zero, the contour integral is just an integration of the two long 
sides giving [Equation  3-6], where K is the surface current density. 
 
( ) 012 =−× EEn     ,    ( ) KHHn =−× 12  Equation  3-6 
 
Thus the boundary conditions for the electric and magnetic field vectors are often 





Figure  3-2: Narrow rectangle with contour C about the interface 
between two media 
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tt 12 EE =     ,    KHH =− tt 12  Equation  3-7 
 
 
Equation  3-7 shows that the tangential component of the E field is always continuous at the 
boundary surface while the difference in the tangential magnetic field component across 
surfaces is equal to the surface current density K.  
 
3.1.3 Wave Equations and Monochromatic Plane Waves 
 
 
Two of the most important results of the Maxwell equations are the wave equations 
and the existence of electromagnetic waves. To derive the wave equations in material media, 
consider the case where the charge density σ and the current density J vanish. Assuming an 
isotropic medium, ε and μ are scalars. Dividing the curl operator by μ, on the first equation 
in Equation  3-1, we obtain [Equation  3-8]. 
 




tμ  Equation  3-8 
 
 
Differentiate the second equation in Equation  3-1 with respect to time and combining 
it with Equation  3-8 for materials with the relation D = εE, [Equation  3-9] and [Equation 
 3-10] are derived. 
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EE εμ  Equation  3-9 
    ( ) εεε ∇⋅−•∇=•∇ EEE    Equation  3-10 
 
Employing the vector identity, [Equation  3-11] and [Equation  3-12],  
 





111  Equation  3-11 
    ( ) ( ) EEE 2∇−•∇∇=×∇×∇  Equation  3-12 
 
Equation  3-10, Equation  3-9 now becomes [Equation  3-13]. 
 





 Equation  3-13 
 
This is the wave equation for the E-field. The same vector for the B-field can be 
obtained in a similar fashion, giving [Equation  3-14]. 
 





 Equation  3-14 
 
In a homogenous and isotropic medium, both the terms involving natural logarithm 
of ε and μ vanished. Thus, reducing Equation  3-13 and Equation  3-14 to [Equation  3-15], 
which has a solution in the form of [Equation  3-16], where A is the amplitude, ω the angular 
frequency and the magnitude of the wave vector k are related by [Equation  3-17]. 
 












HH με  Equation  3-15 
 
ψ = Aei(ωt-k.r) Equation  3-16 
 
μεω=k  Equation  3-17 
 
The surfaces of constant phase travel in the direction k whose velocity (phase velocity) 
magnitude is [Equation  3-18]. 
 
k
ων =  Equation  3-18 
 





 Equation  3-19 
 
The value of the phase velocity can be expressed in terms of the magnetic 
permeability μ and the dielectric constant ε from Equation  3-17 and Equation  3-18 giving 
[Equation  3-20a], [Equation 3-20b] and [Equation 3-20c]. 
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μεν
1=  Equation  3-20a 
00
1
εμ=c  Equation 3-20b 
n
c=ν  Equation 3-20c 
 
Where the speed of light in vacuum and in media are given by Equation  3-20b and 
Equation  3-20c respectively with n = (με/μ0ε0)1/2 , most transparent media are nonmagnetic 
and have a magnetic permeability μ0 . In this case, n = (ε/ε0)1/2 is the index of refraction of 
the media. 
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A plane wave incident on the interface between 2 media, in general, will be split into 
2 waves. Here, a transmitted wave proceeds into the second medium and a reflected wave 
propagates back to the first medium. This phenomenon is the direct consequence of the 
boundary conditions on the field vectors. Let Ei exp[i(ωt-ki.r)] be the field amplitude for the 
incident plane wave with frequency ω and propagation vector ki. The reflected (subscript 
“r”) and the transmitted (subscript “t”) amplitudes are Er exp[i(ωt-kr.r)] and Et exp[i(ωt-
kt.r)] respectively. Regardless of the nature of the boundary, all the three field amplitudes at 
the plane interface (x = 0) will require the spatial and temporal variations of the field to be 
the same. Thus the equation [Equation  3-21] must be satisfied.  
 









Figure  3-3: Reflection and refraction of plane wave at boundary between 2 different 
medium
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Let n1 and n2 be the indices of refraction in medium 1 and 2, and the wave numbers 





ω== kk    ,   2n
c
t
ω=k  Equation  3-22 
 
From Equation  3-21 we see that all three wave vectors must lie in the same plane. 
Furthermore, the tangential component of all three wave-vectors must be the same. Thus we 
have the following relations [Equation  3-23] (refer to Figure  3-3 for notations). 
 
n1sinθi = n1sinθr = n2sinθt Equation  3-23 
 
The result of this equation demonstrates that the angle of reflection is equal to angle of 










θ  Equation  3-24 
 
A general solution of wave equations can be taken as the superposition of the incident and 
reflected wave in each medium [Equation  3-25] and [Equation  3-26], where E1, E1’, E2, E2’ 
are constant complex vectors, k1 is the incident wave vector, k2 the transmitted wave vector, 
and k1’, k2’ are the mirror images of k1 and k2 with respect to the yz plane. 
 
tiii eee ω)'( '11 11
rkrk EEE •−•− +=    ,   x < 0 Equation  3-25 
tiii eee ω)'( '22 22
rkrk EEE •−•− +=    ,   x > 0 Equation  3-26 
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The magnetic field can be obtained by replacing Equation  3-25 and Equation  3-26 to 
Equation  3-1 giving [Equation  3-27]. 
EH ×∇= ωμ
i  Equation  3-27 
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The TE wave has its electric field vector E transverse to the plane of incidence. 
Imposing the continuity conditions of Ey and Hz at the interface x = 0, we derive at 
[Equation  3-28]. 
 
 
E1s + E1s ' = E2s + E2s '
ε1
μ1
E1s − E1s '( )cosθ1 = ε2μ2 E2s − E2s '( )cosθ2  
 
Equation  3-28 
 
These two equations [Equation  3-28] can be rewritten as a matrix equation [Equation  3-29], 
where D is given by [Equation  3-30]. 













ε1, μ1 ε2, μ2 
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D    ,   i = 1, 2 Equation  3-30 
 
The matrix Ds(i) is called the dynamical matrix of the TE wave. If the light is from medium 
1 and exiting in medium 2, the reflection (rs) and transmission (ts) coefficients for single 

















































Equation  3-31 
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Similarly, the TM wave has its magnetic field vector H perpendicular to the plane of 
incidence. Imposing the continuity of Ez and Hy we obtain [Equation  3-32], [Equation  3-33] 
and [Equation  3-34]. 
 
( ) ( )

























































ε1, μ1 ε2, μ2 
Figure  3-5: Reflection and refraction of TM wave 

















































Equation  3-34 
 
Equation  3-31 and Equation  3-34 are known as the Fresnel formulas.  For normal incidence, 
there is no difference between the TE and TM waves [Equation  3-35] [Equation  3-36], 































tT +==  
Equation  3-36 
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After establishing the derivation of Fresnel equation for single media, we can extend 
the formulation to multi-layer media. Applying Fresnel equation to multi-layer media seen 
in Figure  3-6, nl is the refractive index of the lth layer, xl is the position of the interface 
between the lth layer and the (l + 1)th layer, ns and n0 are the refractive index of the substrate 
and incident medium respectively. The layer thickness is defined by [Equation  3-37]. 
 
di = xi – xi-1    ,   for i = 1, 2, ....., N Equation  3-37 
 
For a z-direction homogenous material, where ∂n / ∂z = 0, the electric field satisfy Maxwell 
equations has the form of [Equation  3-38]. 
 
E = E(x)ei(ωt - βz) Equation  3-38 
 
Where β is the z-component of the wave vector and ω is the angular frequency. The field 
distribution E(x) can be written as [Equation  3-39]. 
 
A0 A1 A2 AN-1 AN As 
B0 B1 B2 BN-1 BN Bs 
n0 n1 n2 nN-1 nN ns … 
… 
… 
x0 x1 x2 xN-1 xN xs … 
z 
x 
Figure  3-6: A multilayer dielectric medium 
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                ( ) ( )0000 00 xxikxxik xx eBeA −−− +    ,   x < x0 




−−− +    ,   xl-1 < x < xl 




−−− +'    ,   xN < x 
Equation  3-39 
 
Where A(x) is right moving, B(x) is left moving, klx is the x component of the wave vector 















nk θω cos=  Equation  3-41 
 
If we represent the two amplitudes of E(x) as column vectors, the vectors seen in Figure  3-6 



































































































Equation  3-42 
 

































D    ,   p wave 






















P    ,   φl = klxdlx Equation  3-44 
 
Here, Dl is known as the dynamical matrices and Pl is the propagation matrices, 
which accounts for the propagation through the bulk of the layer. The relationship between 



































































Equation  3-45 
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3.2 Experimental Analysis 
 
 
The presence of colors has been noted in some thin films1. The coloration of the 
photochromic property MoO3 was found to be related to the change in the refractive index of 
the material, and the process of investigating such an observation could be done without the 
knowledge of the thickness of the material using Abeles technique and Fabry-Perot 
resonance conditions2. However, this technique can only be used to find the refractive index 
for a single wavelength. Many methods had been proposed to help investigate the optical 
constants of the material of interest. These methods include modeling using Sellmeier 
dispersion formula3, Kramers-Kronig Transformation4-7. However it is the spectroscopic 
ellipsometry method that is the most popular and most straightforward8-10. Diamenti et al.11 
had attributed the color observation in titanium oxide layers to the interference of light 
between the sample-air interfaces and tried to investigate the color properties through 
spectrophotometry techniques with the characterization of values to the colorimetric space 
CIELAB. The optical constants and sample thickness can thus be obtained. But it is the 
work by the graphene group that a suitable theoretical model for the experimental setup12,13 
that was adopted.  
 
3.2.1 Theoretical Model  
 
 
The refractive index of a material is an important parameter when optically 
characterizing oxide film for various optoelectronic purposes and this is crucial for 
technological applications 14-16.  Due to the small dimensions of the nanobelt, we are unable 
to use the conventional ellipsometry to measure the refractive index. Instead, an indirect 
approach was adopted to determine the refractive index values by looking at the reflection 
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spectrum of the nanobelt and attempt to fit the experimental data using Maxwell’s equations 
in matrix form acting on a multilayered system 17. In this model, we made use of the 
boundary conditions that the electric and magnetic field vectors must be continuous at the 
interface.  
In our experimental setup, since the light source is from a microscope and is 
unpolarized, both s and p waves have equal contribution, θ is at 0o. From the TEM images 
[Figure 2-3d] we note that the nanobelt is fully crystalline; thus we would assume that dl the 
lattice spacing and nl to be constant, Equation  3-45 reduces to a function involving only the 
thickness of the nanobelt and its refractive index. Utilizing Equation  3-43, Equation  3-44 
and Equation  3-45 from the theory section, defining the reflectance (R) and transmission (T) 
to be [Equation  3-46] and [Equation  3-47]. 
 
 








 Equation  3-48  
 















 Equation  3-49 
 
 
When we allow the refractive indices to take on both real and imaginary 
components, we attempt to simulate the model and compare the results with experimental 
observations of the spectrums taken for different thickness of MoO3 nanobelts.  
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 Under the optical microscope, the nanobelts were observed to exhibit various bright 
colors (Figure  3-7). It is known that the interference of light in thin films gives rise to 
colored films11. Having lateral dimensions in the micrometer range, it is not surprising that 
the nanobelts exhibit properties similar to thin films. To ensure a good contrast in colors, the 
MoO3 nanobelts were grown on silicon substrate using the same hotplate technique 
illustrated in Chapter 2. Figure  3-7 was taken using a CCD camera attached to an optical 
microscope (Cascade Microtech PS-888 Super Scope). The setup to obtain the optical 
images of the nanobelt is shown in Figure  3-8. 
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Figure  3-8: Schematics for microscope-CCD setup 
 
 
 To investigate the color exhibited by each nanobelt as seen in Figure  3-7, a custom 
made eye-piece was fixed to the microscope.  
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Figure  3-9: Schematic of spectrum collection Experimental setup 
 
 
In the setup to conduct the spectrum collection [Figure  3-9], we have an eyepiece 
with a collimator fixed to one of the ends. It has a port behind the collimator allowing the 
attachment of an optic fiber to collect light reflected off the sample. To obtain the 
reflectance spectrum of the colored nanobelt, a reference reflectance spectrum was measured 
with a standard reflector before the experiment commenced. The light reflected off the 
standard reflector (STAN-SSH High-reflectivity Specular Reflectance Standard from Ocean 
Optics) was collected by the optical fiber secured to the collimator at the eyepiece and the 
light was analyzed using a spectrometer (Ocean Optics HR4000 High-Resolution 
Spectrometer) connected to a computer. Calibration of the spectrometer to the light source 
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was carried out using the software (SpectraLab) provided with the spectrometer.  
The calibration process for the spectrometer involved correcting the electrical noise 
of the spectrometer before obtaining the dark spectrum (without the microscope light 
source) and the reference spectrum (spectrum of light source). With these spectrums in hand, 
we were able to make the choice of proceeding to collect the reflection spectrum or 
transmission spectrum in the SpectraLab software. After calibration, the actual reflectance 
spectrum of the nanobelt was then ready to be taken and saved. The exact location of the 
nanobelt of interest was noted and coordinated by estimating the nanobelt’s distance from 
the edges of the substrate and taking multiple optical micrographs of the surrounding 
features around the nanaobelt. In this way, the same nanobelt can be located during different 
characterization processes. The sample was then profiled using an AFM (Nanoscope ΙΙΙa, 
Digital Instruments) for its thickness. These experimental procedures were used to obtain the 
physical characteristics for different MoO3 nanobelts in an attempt to investigate the 
refractive index of the material. The tabulation of the experimental measurements used to 
determine the refractive index can be seen from Figure  3-10 to Figure  3-20. In each of these 
figures, we present a collection of (a) AFM image, (b) optical micrograph, (c) AFM height 
profile and (d) reflectance spectrum of the same nanobelt. The solid lines added in the 
reflectance spectrum correspond to the theoretical fit to the data.  
 
 










Dist. / nm 
Wavelength 
/ nm 
62.518  415.96967 
164.619  734.87709 
Figure  3-10: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 




























Figure  3-11: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 

































Figure  3-12: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 






























Figure  3-13: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 





























Figure  3-14: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 




























Figure  3-15: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 






























Figure  3-16: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 
























Dist. / nm 
Wavelength / 
nm 
152.563  392.68395 
152.563  713.57378 
Figure  3-17: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 
























Dist. / nm 
Wavelength / 
nm 
106.994  545.018 
Figure  3-18: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 





























Figure  3-19: Experimental data include the (a) AFM image, (b) optical micrograph, (c) AFM height profile and (d) reflectance spectrum 

























Dist. / nm 
Wavelength / 
nm 
169.510  429.44451 
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From various simulations using Mathematica, the refractive index n obtained varies 
between 1.8 and 2.4510,18, which is reasonable compared to the bulk values. These values 
of refractive indices were fed back to Equation  3-48 and Equation  3-49 to calculate the 
theoretical reflection spectrum on Si substrate. The calculated spectrum and experimental 
spectrum were compared. From Figure  3-10 to Figure  3-20, the orange line depicts the 
theoretically calculated spectrum while the green line depicts the experimental reflectance 
data. From the figures, there is clearly a relatively good match between theory and 
experiment. This experiment was extended to a quartz substrate. 
 
 
Figure  3-21: Schematic for the setup to obtain transmission spectrum 
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 The setup to obtain the transmission spectrum can be seen in Figure  3-21. The 
setup has an eyepiece with a collimator fixed to one of the ends. It has a port behind the 
collimator allowing the attachment of an optic fiber to collect light reflected off the 
sample. To obtain the transmission spectrum of the colored nanobelt, a dark spectrum and 
a reference transmission spectrum of a quartz substrate was measured before the 
experiment commenced. The light transmitted from the quartz substrate was collected by 
the optical fiber secured to the collimator at the eyepiece and the light was analyzed using 
a spectrometer (Ocean Optics HR4000 High-Resolution Spectrometer) connected to a 
computer. Calibration of the spectrometer to the light source was carried out using the 
software (SpectraLab) provided with the spectrometer.  
After calibration, the actual transmission spectrum of the nanobelt was then ready 
to be taken and saved. The exact location of the nanobelt of interest was noted and 
coordinated by estimating the nanobelt’s distance from the edges of the substrate and 
taking multiple optical micrographs of the surrounding features around the nanaobelt. In 
this way, the same nanobelt can be located during different characterization processes. The 
sample was then profiled using an AFM (Nanoscope ΙΙΙa, Digital Instruments) for its 
thickness. As seen in Figure  3-22, the theoretical calculations give a relatively accurate 
prediction for the experimental spectrum, as the general shape and turning points of the 
experimental spectrum were accounted for.    
 Chapter 3: Optical Properties of MoO3 Nanobelts 
 72
 
Figure  3-22: Images of colored MoO3 nanobelts on quartz substrate. (a) the reflection mode optical 
images and its spectrum. (b) the transmission mode optical images and its spectrum 
 
Further investigations were carried out to confirm our hypothesis. We attempted a 
series of scratching experiments on various MoO3 nanobelts. The aim of this investigation 
was to create topological features under the view of an optical microscope that were of the 
order of tens of microns in width and tens of nanometers in height. The experiment was 
conducted on a Cascade Microtech PS-888 Super Scope system and the topological 
features were created using the Cascade Microtech DCM 210 Series Precision Positioner 
with a 2.4μm tungsten tip.  
The MoO3 sample was synthesized using the Hotplate technique illustrated earlier 
under a temperature of ~450oC for 2 days using a stainless steel mask [Figure 2-5c] and 
silicon substrate [Figure  3-23]. This set of parameters was used because the MoO3 
synthesized this way were thin (below 300nm), colored and less likely to have layered 
structures [Figure  3-7]. After the suitable nanobelt was chosen under the optical 
microscope (Cascade Microtech PS-888 Super Scope), the 2.4μm tungsten tip was 
mounted onto the Cascade Microtech DCM 210 Series Precision Positioner and the tip was 
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carefully manipulated manually to scratch the MoO3 nanobelt surface.  
 
 




We had found that, this manipulation technique could be easily applied to nanobelts 
of different thickness. The effect of the scratching is the reduction in the thickness of the 
nanobelts and thus give rise to a change in color. The colors observed in Figure  3-24 help 
to confirm our hypothesis that the colors were the result of the interference of light through 
the MoO3.  
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Figure  3-24: Patterns created by the scratching the surface of MoO3 with a tungsten 
tip (a) the colored "NUS" were the result of difference in sample thickness. (b) 
Similar scratching technique can be used on thicker substrate (c) when a large force 
was acted upon the nanobelt, the surface can be totally scratched off. 
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3.4 AFM-based nanomachining technique 
 
In the previous section, we have shown that the colors exhibited by the nanobelts 
were indeed the result of the interference of light due to the thickness of the nanobelt. 
However, using a sharp tungsten needle, it is difficult to control the force applied onto the 
nanobelts. Here, we would like to propose a technique that utilize the Atomic Force 
Microscope (Nanoscope ΙΙΙa, Digital Instruments) to perform physical wearing or 
“scratching” of the nanobelt surface. The sample of MoO3 nanobelts were synthesized 
using the Hotplate technique illustrated earlier under a temperature of ~450oC for 2 days 
using a stainless steel mask on a silicon substrate. After the suitable nanobelts were chosen 
under the optical microscope (Cascade Microtech PS-888 Super Scope) with the setup 
shown in Figure  3-8, the optical micrographs of the nanobelts were taken with the 
computer attached to the CCD camera. The exact locations of the nanobelts of interest 
were noted carefully through a series of optical micrographs of the surrounding features. 
The sample was then mounted to the AFM system (Nanoscope ΙΙΙa, Digital Instruments) 
and the same nanobelts were identified before proceeding with the scratching experiment. 
A cantilever with spring constant ~60Nm-1 was used and the instrument was initialized in 
its contact mode. In this experiment, a tapping mode tip was used instead of a contact 
mode tip because the tapping mode tip available had a larger spring constant compared to 
the contact mode tip.  
It should be noted that the process of scratching should start from the edges of the 
nanobelt. This is because the edges provide a good initial point for scratching to occur. To 
ensure the largest possible range of force acting onto the MoO3 sample, the vertical 
deflection in the AFM is set at its minimal (laser spot at -10 Volts). This parameter setting 
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on the AFM allows the cantilever to exhibit the largest possible deflection the AFM 
controller software allows.  
When the AFM tip applied a force in the order of 10-5 N and scanned across the 
nanobelt surface, localized mechanical wearing was observed. In the process to map out 
the topography of the surface, a constant force was maintained on the surface of the 
nanobelt. Even with the AFM tip having large force acting onto the nanobelt, the scanning 
motion of the AFM tip might just result in a process of the AFM tip sliding on the nanobelt 
due to the smooth nanobelt surface. However, as the AFM scanned across the nanobelt 
edge from substrate to nanobelt, the cantilever did not react rapid enough to account for the 
sudden change in height causing the nanobelt to experience the full impact of the incoming 
AFM tip. This impact created a defect in the nanobelt physical structure. Subsequently, the 
scanning motion dragged the defect along its path, resulting in the scratching of the 
nanobelt. We found that this technique facilitated very precise control of the location and 
dimension of the pattern that we wanted to design onto the MoO3 nanobelt surface. This 
technique is simple to adopt as the scratching process only involves three parameters, 
mainly the force of tip acting onto the nanobelt surface, the scanning speed and the 
duration of scan. Figure  3-25(a) shows optical image of the MoO3 nanobelts after 
performing AFM patterning. All the characters in the word “NANO” have straight and 
well-defined edges. Most importantly, the colors exhibited in the optical micrograph were 
the result of the interference of light through the MoO3, which is highly thickness 
dependent. The rainbow-like color seen in Figure  3-25(a) is the result of non-uniform 
scratching of the nanobelt surface. The non-uniform scratching caused difference in the 
thickness of the nanobelt and the thickness variation within the nanobelt is illustrated by 
the color contrast seen in the AFM image [Figure  3-25(b)]. 
 Chapter 3: Optical Properties of MoO3 Nanobelts 
 77
 
Figure  3-25: Patterns created by the scratching the surface of MoO3 with AFM (a) the 
word “nano” imaged via optical microscope (b) the AFM image of “nano” 
 
 Figure  3-26(a) shows channels scratched by 2 different forces (~32μN for trench 1 
and ~40μN for trench 2), which result in different color contrast. Through the use of 
constant forces and repeated scanning with continuous monitoring of the scratching 
process until the formation of the pattern, we found that ~32.4μN force created a 25nm 
deep trench while the ~39.7μN force created a 45nm trench. The cross-sectional line 
profile view of the sample elucidates the difference in height profile [Figure  3-26(b)]. The 
uniformity of the height profile was achieved by immediately shifting the scanning area of 
the nanobelt after defects were seen to occur when the AFM tip scanned across the edge of 
the nanobelt. The initial scan area before defects occurred includes both the nanobelt and 
substrate. After the defects appear, the scan area was immediately shifted to include only 
the defect area and the nanobelt. Both the scan speed and the force of AFM tip (deflection 
setpoint) on nanobelt surface were kept constant.  
 
Figure  3-26: Patterns created by the scratching the surface of MoO3 with AFM (c) 
hash symbol under optical microscope (d) cross-sectional profile of solid and dashed 
line in (c), trench 1 is scratched by 32μN and trench 2 scratched by 40μN 
 
The ease in scratching of the nanobelt surface is attributed to the fact that bilayers 
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of MoO3 nanobelts were held together by weak van der Waals forces19. In the attempt to 
prove our hypothesis that the scratching mechanism indeed starts from the edge, the height 
profile of a particular scan line was noted. Figure  3-27(a) shows the line profile of the edge 
of the nanobelt during the scratching process. The onset of scratching was observed to 
have started from the edge of the nanobelt and the amount of material scratched away was 
related to the number of scans as indicated by the reduction in height of the nanobelt. 
Figure  3-27(b) shows how the height of a single point on the nanobelt changes with the 
number of scans for different tip forces acting on the nanobelt surface. Here we observed 
the depth of scratching increased with increasing force and the reduction in the height of 
the nanobelt slowly tapered off after repeated scans. Another advantage of using this AFM 
technique to perform surface manipulation is the effective removal of debris material after 
the surface had been scratched. This is because by scanning the surface with a force 
smaller than the force required for scratching, we were able to sweep the debris to the side 
of the sample.  
 
Figure  3-27: Patterns created by the scratching the surface of MoO3 with AFM N (a) 
line profile of the edge of the nanobelts during the scratching process. (b) Plot of 
sample height versus number of scans for different forces (line 1: 11 μN, line 2: 





Our observations and investigations show that MoO3 nanobelts exhibited a wide 
variety of colors and these colors were attributed to the difference in the thickness of the 
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nanobelts through the modeling of the reflectance and transmission spectrum. AFM 
cantilever was successfully utilized in scratching and removing of localized portion of 
individual nanobelts. As a result, individual rainbow-like nanobelts with multiple colors 
were readily created. The ease in the manipulation of thickness could facilitate the 




 Chapter 3: Optical Properties of MoO3 Nanobelts 
 80
References 
1 M. I. B. Bernardi, F. S. De Vicente, M. S. Li, and A. C. Hernandes, Dyes and 
Pigments 75, 693-700 (2007). 
2 C. Reyes-Betanzo, J. L. Herrera-Perez, G. H. Cocoletzi, and O. Zelaya-Angel, 
Journal of Applied Physics 88, 223-226 (2000). 
3 J. M. DrDomenico and S. H. Wemple, Journal of Applied Physics 40, 720-734 
(1969). 
4 K. Ohta and H. Ishida, Appl. Spectrosc. 42, 952-957 (1988). 
5 K. Yamamoto, A. Masui, and H. Ishida, Appl. Opt. 33, 6285-6293 (1994). 
6 T. Buffeteau and B. Desbat, Appl. Spectrosc. 43, 1027-1032 (1989). 
7 R. Klucker and U. Nielsen, Computer Physics Communications 6, 187-193 (1973). 
8 T. Ivanova, A. Szekeres, M. Gartner, D. Gogova, and K. A. Gesheva, in 
Spectroscopic characterization of CVD-molybdenum oxide films, Uppsala, Sweden, 
2000 (Pergamon-Elsevier Science Ltd), p. 2215-2219. 
9 A. Szekeres, T. Ivanova, and K. Gesheva, in Spectroscopic ellipsometry study of 
CVD molybdenum oxide films: effect of temperature, Brno, Czech Republic, 2001 
(Springer-Verlag), p. 17-20. 
10 S. H. Mohamed, O. Kappertz, J. M. Ngaruiya, T. P. L. Pedersen, R. Drese, and M. 
Wuttig, Thin Solid Films 429, 135-143 (2003). 
11 M. V. Diamanti, B. D. Curto, and M. Pedeferri, Color Research & Application 33, 
221-228 (2008). 
12 G. Teo, H. Wang, Y. Wu, Z. Guo, J. Zhang, Z. Ni, and Z. Shen, Journal of Applied 
Physics 103, 124302-6 (2008). 
13 P. Blake, E. W. Hill, A. H. C. Neto, K. S. Novoselov, D. Jiang, R. Yang, T. J. 
Booth, and A. K. Geim, Applied Physics Letters 91, 063124-3 (2007). 
14 A. Abdellaoui, Lévêque, G., Donnadieu, A., Bath, A., Bouchikhi, B., Thin Solid 
Films 304, 39-44 (1997). 
15 C. Alibert, Skouri, M., Joullie, A., Benouna, M., Sadiq, S., Journal of Applied 
Physics 69, 3208-3211 (1991). 
16 L. M. A. Abdellaoui, A. Donnadieu,, Physica Status Solidi (a) 109, 455-462 (1988). 
17 Y. Pochi, Optical Waves in Layered Media (A Wiley-Interscience Publication, 
1988). 
18 R. C·rdenas, J. Torres, and J. E. Alfonso, Thin Solid Films 478, 146-151 (2005). 
19 W. G. Chu, L. N. Zhang, H. F. Wang, Z. H. Han, D. Han, Q. Q. Li, and S. S. Fan, 
Journal of Materials Research 22, 1609 - 1617 (2007). 
20 A. Zribi, A. Knobloch, W.-C. Tian, and S. Goodwin, Sensors and Actuators A: 
Physical 122, 31-38 (2005). 
 
 
  Chapter 4: Electrical Transport 
 
 81
Chapter 4 : Electrical Transport 
 
In this chapter, w e discuss the various electrical phenomena observed in the 
molybdenum oxide nanobelt. The first set of experiment conducted on the nanobelts 
was to apply a sweeping voltage on nanobelts pinned under Au electrodes. The 
background model behind the current-voltage measurements made from this was 
explained using the theory of Metal-Semiconductor Contact. After establishing the 
foundation for the electrical transport of the device, possible applications of the 
nanobelt was explored by investigating the effect of photons on the electrical 
properties of the nanobelt. The observations were accounted for through the model 
used to explain the photoelectric effects seen in semiconductors. Finally, the 
practicability of using MoO3 nanobelts as a possible photosensor was discussed. 
 
4.1 Theory of Metal-Semiconductor Contact1 
 
 
The first semiconductor device was a rectifier made by using a metal whisker 
contacting a piece of semiconductor material. Rectifying properties of such a contact 
are caused by an electrostatic potential barrier (Schottky barrier) that exists at the 
boundary between a semiconductor and a metal. To understand the reason for the 
existence of such a barrier let us consider boundaries of an n-type semiconductor with 
vacuum (Figure  4-1). The potential energy of electrons inside the crystal is smaller 
because the electrons are attracted by the positive ions of the crystal lattice. The 
energy difference, XSO, between the bottom of the conduction band, EC, and the 
vacuum energy level is called the electron affinity. Owing to the thermal motion, 
some electrons have energy higher than EC + XSO and may leave the crystal. To 
  Chapter 4: Electrical Transport 
 
 82
calculate the flux leaving the crystal, it is assumed that electrons (the electrons are 
represented by the subscript n) inside the crystal have a Maxwell-Boltzmann 
distribution function [Equation  4-1] where EF is the Fermi level, and En is the electron 
energy. 
 
f(En) = exp[(EF-En)/(kBT)] Equation  4-1 
 
Using Equation  4-1 we can find the velocity distribution function fv such that fv dvx 
dvy dvz is the probability of an electron having velocity v with components between 
vx, vy, vz and vx + dvx, vy + dvy, vz+ dvz .  
 
 
Figure  4­1: Energy level distribution at semiconductor surface. EC is the bottom 
of the conduction band; EF the Fermi level; XS the work function and XSO the 
electron affinity 
 
Indeed, choosing the bottom of the conduction band as the reference point (EF = 0  so 
that En = mn(vx2 + vy2 + vz2)/2 where mn is the mass of an electron) we obtain from 
Equation  4-1, [Equation  4-2]. 
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fV = AVexp[-mn(vx2 + vy2 + vz2)/(2kBT)] Equation  4-2 
 
The normalized constant AV is found from the condition [Equation  4-3] using the 


































 Equation  4-4 
 
We obtain from Equation  4-3, [Equation  4-5]. 
 
fV = [mn/(2πkBT)]3/2 exp[-mn(vx2 + vy2 + vz2)/(2kBT)] Equation  4-5 
 
We can rewrite the expression as [Equation  4-6], where fvx,fvy, fvz are  the distribution 
functions for the velocity components vx, vy, vz respectively. 




fV = fvxfvyfvz  Equation  4-6 
 
fvx = [mn/(2πkBT)]1/2 exp[-mn(vx2)/(2kBT)] Equation  4‐7 
fvy = [mn/(2πkBT)]1/2 exp[-mn(vy2)/(2kBT)] Equation  4‐8 
fvz = [mn/(2πkBT)]1/2 exp[-mn(vz2)/(2kBT)] Equation  4‐9 
 
We can now find an average velocity <vx> of the electrons moving in the direction x 
perpendicular to the interface 
































∫  dvx  Equation  4‐10 
 














 Equation  4‐11 
 
Calculating the average electron thermal velocity (take that d3v = 4πv2 dv), we obtain 
[Equation  4-12]. 
 









































2 Equation  4‐12 
 
The electron density, js, corresponds to the flux of electrons out of the crystal in the 















∫ dE  
where n represents the density of states of the electrons and mn 















































Equation  4‐13 
 
  
Using these relationships to perform integration on  
Equation  4-13 with the limits vmin< vx <∞ , -∞< vy <∞ , -∞< vz <∞ , here,  we define 
vmin = (2XSO/mn)1/2 as the minimum value of vx required for the electron to escape the 
crystal. Defining the work function as XS = EVac - EF we can rewrite the current 
density of electrons leaving the sample as [Equation  4-14].  
 




















2π 2h3  
Equation  4‐15 
 
[Equation  4-15] is known as the Richardson constant. This effect of the electrons 
leaving the crystal is called thermionic emission. When a piece of metal and a 
semiconductor are placed closed to each other, a Schottky diode is formed. There are 
two competing electron currents. One from semiconductor to metal, another from 


























If Xm > Xs, jm < js , then the metal will be negatively charged while the semiconductor 
will be positively charged resulting in a potential difference of [Equation  4-17]. 
 
Vbi = Xm - Xs    Equation  4‐17 
 
This potential difference is called the built-in voltage. It corresponds to the barrier 
height [Equation  4-18]. 
 
φb = Xm - XSO  Equation  4‐18 
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Due to the large free electron density, there is a localization of negative charges at the 
surface atomic layer, while the positive charges are limited by the concentration of 
ionized donors and the space charge region that extends into the semiconductor. A 
simplified energy diagram of the metal-semiconductor interface is shown in Figure 
 4-2.  
 
 
Figure  4­2: Energy band diagram of metal and semiconductor contact 
 
The barrier height (φ b) can be determined by looking at the I-V characteristics 
of the Schottky diodes. The most direct and effective way to measure the barrier 
height is to use the internal photoemission method. In this method, the light shining 
on a semiconductor with a Schottky barrier contact generates a photocurrent due to 
the illumination of a light source. The ratio of the photocurrent over the number of 
absorbed photons is called yield and is measured over a range of wavelengths. The 
yield Y is related to the barrier height φ b and the frequency of the light source υ by 
the relation [Equation  4-19] if (hυ > φ b + 3kBT) and (φ b + EF >> hυ)  where EF is the 
Fermi level of the metal counted from the bottom of the conduction band.  




Y = constant (hυ - φ b)2 Equation  4­19 
 
4.1.1 Thermionic Emission Model 
 
 
The thermionic emission model is similar to the p-n junction and this type of 
transport is valid when the interface barrier acts as an important impediment to the 
current flow. In the presence of a small forward bias or reverse bias, the electron 
quasi-Fermi level in the depletion region near the interface remains practically 
constant with distance. Figure  4-3 shows the energy band diagram present under 
different external bias across the metal-semiconductor interface. 
 
In this model, by considering the incoming and outgoing electronic fluxes of 
the semiconductor at the metal-semiconductor interface, we will be able to determine 
the current-voltage characteristics of the Schottky diode.  The electronic flux out of 
the semiconductor can be derived using Equation  4-14 using the effective barrier 
height φb – V as the work function XS. The flux from the metal into the semiconductor 
is independent of the applied voltage and the barrier height is independent of the 
applied voltage. At V = 0, the total flux is zero. Thus we obtain [Equation  4-20]. 
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JMS = JSM at V = 0 Equation  4­20 
 
 
Figure  4­3: Energy band diagram of Schottky barrier in (a) Zero bias (b) 
Forward bias (c) Reverse bias 
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             where        j
SS








A* = α mnqkB
2
2πh3 ≈ 120α mn / me( ) A / cm2K 2( )
Equation  4­21 
 
In the Richardson constant, the α is the empirical component to account for 
the deviation of the actual value from the theoretical value.  
 
4.1.2 Thermionic-Field Emission  
 
 
In the event where the depletion region becomes so narrow that electrons can 
tunnel through the barrier, this process is called thermionic field emission. By 
evaluating the tunneling transmission coefficient and the number of electrons as a 
function of energy, and integrating over the states in the conduction band, we are able 
to determine the current-voltage characteristics of the Schottky diode [Equation  4-22].  

















































with ND being the number density of the electrons, 




When E00 is much greater than kBT (high level of doping), direct tunneling 
from the semiconductor to the metal may take place due to the narrow depletion 
region. The current-voltage characteristics can be evaluated using [Equation  4-23]. 



















Figure  4­4: Thermionic field emission and field emission under forward bias. 
Dtun is the characteristic tunneling length. (a) At low doping levels, electrons 
tunnel across the barrier closer to the top of barrier.  (b) With increase in 
doping, the characteristic energy Etun decreases. (c) In highly doped degenerate 
semiconductor., electrons  near Fermi level tunnel across a very thin depletion 
region. 
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4.2 Photocurrent effect 
 
 
The use of ultraviolet detectors has wide ranging and far reaching applications. 
Such detectors were used for automated fire detection 2, oil concentration detection3, 
space research, missile warning systems4, air quality monitoring5, gas sensing, 
accurate measurement of radiation for the treatment of UV irradiated skin6. MoO3 is a 
wide-band gap material with Eg values of around 3.2eV7. Being a wide-bandgap 
semiconductor, it has tremendous potential in the ever-growing industrial need to 
fabricate devices that can withstand harsh working conditions in industries such as the 
aerospace, automotive and petroleum8 industries. In this chapter, the effects of laser 
excitation on the conductivity of MoO3 were studied. By fitting the observed data 
with theoretical models commonly adopted for thin film semiconductor 
photoconductivity, we are able to obtain a reasonable account for the observations. 
More experimental verifications are then made with the model with further studies on 
the effects of pressure, chamber environment and intensity of the irradiating laser on 





The presence of traps (energy states that provide lower potential energy for 
electrons and holes) in semiconductors helps to describe the recombination process 
under non-steady state conditions (conditions involving relaxation curves).  After the 
electron or hole has been created through photo or thermal excitations, the 
recombination goes through either one of two transitions. The transitions are the 
“thermal transitions” of captured carriers back to the bands and the “capture” of 
electrons and holes by traps. In thermal transitions, the electrons are just transferred 
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from the conduction band to the trapping states and back to the conduction band again 
(while holes travel to and fro valance band). This transfer is known as “return thermal 
transitions”. These traps, having high probability for returns thermal transitions, are 
called “trapping centers”. With “captured” electrons, the recombination of conduction 
band electrons captured by traps occurs only when it returns to the valance band (or 
capturing another hole in the trap) and these traps having low thermal transition 
probabilities are known as “recombination centers” [Figure  4-5].  
To differentiate the different varieties of traps present, we introduce the 
concept of demarcation levels. The demarcation levels are conceptual energy levels 
introduced to this model, where one side of the demarcation level gives rise to a 
higher probability for electron (hole) to experience recombination while the other side 
of the demarcation level gives a higher probability for thermal transitions. Let us now 
define the ratio kn,p to be the probability of recombination to the probability of 
thermal transition.  





Figure  4-5: (a) Important transitions in semiconductor with traps, where 
NCM,NVM are the effective density of states in conduction and valance band, 
reduced to trap level M. γn , γp are the recombination coefficient of electrons and 
holes, NC, PV are the effective densities of states in conduction and valance band, 
n, p are the electron and hole densities, M is the total trap concentration, m is the 
density of electrons at the trap. (b) Energy diagram showing demarcation levels 
and quasi-Fermi levels in semiconductors  (i) conduction band (ii) quasi-Fermi 
level for electrons (iii) electron demarcation level (iv) quasi-Fermi level (v) hole 
demarcation level (vi) valance band. 
 
For an energy level M to capture an electron (hole), the probability of return of 
this electron (hole) to the conduction (valance) band is γnNCM (γpNVM) and probability 
of recombination with a hole is γpp (γnn). We can set the demarcation level at a 
position where the probability of thermal transition is equal to the probability of 
recombination   (kn,p = 1) , hence we obtain [Equation  4-24] and [Equation  4-25]. 












= 1 Equation  4‐25 
 
Which after some manipulation we can obtain the relationship [Equation  4-26] and 
[Equation  4-27] which can be seen in Figure  4-5 (iii) and (v). 
 
 
−ΔεDn = −Δε − Fp − kBT ln γ nNCγ p PV
 Equation  4‐26 
 
−ΔεDv = −Δε − Fn − kBT ln
γ p Nv
γ n PC  
Equation  4‐27 
 
The presence of the demarcation level Figure  4-5(b) now allows us to classify 
the region between (i) to (iii) as the region of electron trapping near conduction band 
(kn < 1), (iii) to (v) the recombination center for electrons and holes, (v) to (vi) as the 
hole trapping levels near the valance band (kp < 1). 
In Figure  4-5(a), the term γnn(M-m) gives the probability for an electron to 
transit from the conduction band to the M levels. Notice that M denotes the total trap 
concentration, m denotes the density of electrons at the traps, and (M-m) gives the 
density of available trapping states. Hence factoring a transition constant γn with the 
electron density n and the density of available trapping states (M-m) gives γnn(M-m) 
which is the probability for an electron to transit from the conduction band to the M 
levels. If we factor the transition constant γn with the density of electrons in the 
trapping states m and the effective density of states in the conduction band NCM, we 
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would obtain γnmNCM which is the probability for an electron trapped in the M levels 
to transit to the conduction band. The similar derivation process can be applied to hole 
to obtain the transition probability from M states to the valence band and transition 
probability from valance band to the M states. 
Assuming that there is a high concentration of recombination centers for 
photoexcited electrons and holes to recombine at level S [Figure  4-6]. The high level 
of concentration of centers made its population insensitive to the photo illumination, 
the concentration of the filled states s and empty states (S-s) is constant. This in turn 
gives rise to different electron and hole lifetimes [Equation  4-28] and [Equation  4-29]. 
 
  
τ n = 1γ nS (S − s)
= constant  Equation  4‐28 
  





Assuming the holes are captured very easily by the centers (τn>>τp) and apart 
from these centers, there are also unfilled trapping levels with energy M near the 
conduction band. These M levels do not retain electrons as the electrons can be easily 
excited back to the conduction band through thermal transition. It also does not 
capture holes easily as the holes are highly localized in the S levels, making these M 
levels absolute trapping levels (kn,p ≈ 0) . 
Assuming the electron population of the trapping levels is small under all 
conditions, the change of electron density in the conduction band per unit time can be 
written as [Equation  4-30]. 






= βkI − nτ n
− γ nnM + γ nmNCM  Equation  4‐30 
 
 
Figure  4-6: System transition for 1 type of recombination center S with electron 
density s, trapping center M with electron density m. b is the "quantum yield" or 
the number of pairs of electron hole form per quantum of photon, k is the optical 
absorption coefficient and I is the intensity of photon 
 
The first term describes the rate of pair generation by the photon, the second 
term describes the capture rate of conduction band electrons by level S, the third term 
describes the capture rate of conduction band electron by level M and the last term 
describes the thermal transition rate from level M to the conduction band. Since 
capturing electron in the recombination centers change the total population of 
electrons in the conduction band and trapping levels, we can also infer that [Equation 
 4-31], which at steady state gives [Equation  4-32] 
 






= βkI − nτ n
 Equation  4‐31 
 
 nst = βkIτ n  Equation  4‐32 
 
In the situation when the effective time θ required by the trapping levels to 
establish equilibrium with the conduction band is much shorter than the lifetime 
(θ<<τn), the case is called multiple trapping level or α-type trapping. 
 
At short time (t<<τn): 
 
Going back to Equation  4-30 and Equation  4-31, we now consider short time 
where t<<τn and using initial conditions of n = m = 0, at t = 0, giving rise to [Equation 













Substituting Equation  4-34 back to Equation  4-33, we get [Equation  4-35], which 
have the solution of the form [Equation  4-36], which is a sum of a linear and 
exponential term, where [Equation  4-37]. 
 






= βkI − γ nn( M + NCM ) + βkIγ n NCMt  Equation  4‐35 
 
 











 Equation  4‐36 
 
 
θ = 1γ n( M + NCM )
 Equation  4‐37 
 
At the point where the conduction band and the M levels established 
equilibrium, a kink at t ≈ θ is found at the curve. Equation  4-36 at time t>> θ, gives us 
[Equation  4-38].  
 
n = βkIt NCM
M + NCM
 Equation  4‐38 
 
This reduction by a factor of “NCM/(M+NCM)” indicates that part of the electrons 
excited to the conduction band is located in the M levels.  
 
At time t > θ: 
 











 Equation  4‐39 
 
Thus, we can now rewrite Equation  4-31 to be [Equation  4-40]. 























 Equation  4‐40 
 













τ ' = τ n
M + NCM
NCM













⎠⎟  Equation  4‐42 
 
From Equation  4-42, we can clearly see that it is possible for the time constant 
to be larger than the lifetime τn if the position of the α centers are deeper (larger ΔεM), 
higher concentrations of M levels (larger M) or even lower temperatures make a 
difference.  
Lastly, we will now consider the case when the illumination has been 
removed. Here we rewrite Equation  4-40 to [Equation  4-43]. 
 
























 Equation  4‐43 
 
With initial conditions of n = βkIτ when t = 0, we get [Equation  4-44]. 
 n = βkIτ ne
− tτ '  Equation  4‐44 










In this section we attempt to discuss how the shape of the photocurrent arises. 
Let us first define that the motion of charges liberated by direct ionization of the 
sample is the sole contributor to the primary current in the closed circuit seen in 
Figure  4-7.   
Figure  4-7: Schematics of the circuit diagram of photo-illumination experiment 




Figure  4­8: Energy level diagram for semiconductor sample sandwiched between 
2 metal electrodes. (a) before illumination (b) immediately after illumination – 
recombination equilibrium established but not diffusion equilibrium (c) the 
diffusion equilibrium partially established (d) diffusion equilibrium completely 
established   
 
Let assume the semiconductor is placed between 2 neutral electrodes in 
darkness. Assuming also that the majority carriers are electron and τ (electron 
lifetime) >> θ (time to establish diffusion and drift equilibrium).  In these conditions, 
upon illumination, the semiconductor produces a large carrier density to the upper 
band (i.e. the quasi – Fermi level gets displaced closer to the conduction band).  The 
discontinuity between the Fermi levels between the semiconductor and the metal 
electrodes [Figure  4-8a] is equivalent to a change in contact potential difference, 
giving rise to diffusion of electrons from the semiconductor to the metal electrodes. 
Applying an electric field to the sample will have directed motion of photoelectron 
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from cathode to anode.  Upon illumination, before the establishment of diffusion 
equilibrium [Figure  4-8b], the electrons that moved away from the cathode were not 
replaced. This is because for the electrons leaving the cathode, it only involves 
overcoming a small energy gap of F1 [Figure  4-8b] while for the electrons coming 
into the semiconductor, it must overcome a barrier of F2. Thus, the higher electron 
density governs the current in the semiconductor during illumination while the current 
through the metal-semiconductor contact at the cathode is still governed by the 
equilibrium conditions existed during darkness. This helps to explain the initial fast 
rising part of the current versus time graph. Consequently, until diffusion-drift 
equilibrium is established, the carriers entering the electrodes do not play an 
important role.  
When the diffusion-drift equilibrium is established, the quasi-Fermi level 
drops [Figure  4-8c], the relative importance of the carriers entering the semiconductor 
from the cathode increases. Finally after an effective time θ, a conduction current is 
established which is equal at all the points of the circuit in Figure  4-7. At this point of 
time, the number of electrons exiting from the semiconductor is equal to the number 
of electrons entering the semiconductor through the electrodes [Figure  4-8d].   
4.3 Experimental procedure 
 
 
In this experiment, MoO3 nanobelts were prepared using stainless steel as 
substrate. First, a small piece of MoO3 foil (Sigma-Aldrich 0.1mm thick, 99.9+%) 
was cut out. A piece of stainless steel was polished using sandpaper to remove the 
oxidized layer. This foil was then cleaned and placed onto a hotplate with the stainless 
steel over it [Figure  4-9].  
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The hot plate was then heated at 500oC for 4 days. After 4 days, the heated 
sample was allowed to cool to room temperature naturally and the sample was then 
characterized using XRD, SEM [Figure  4-10].  
 
 
Figure  4-10: (a)XRD and (b)SEM image of prepared sample. 
 
A solution of MoO3 nanobelt suspension was prepared by sonicating the 
sample in ethanol. A drop of this suspension was placed onto a piece of quartz 
substrate (9.28mm x 8.35mm) using a syringe and allowed to dry naturally under 
ambient conditions [Figure  4-11(a)]. After drying, a thin thread of glue made by 
stretching was placed on top of the quartz substrate [Figure  4-11(b)]. The process is 
carefully monitored under microscope. We were able to obtain the result of a single 




Figure  4­9: Heating of Mo foil on hotplate 
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layer of Au with a thickness of 50nm over the substrate and glue thread [Figure 
 4-11(c)]. When the glue thread was removed from the substrate, we created a sample 
of MoO3 nanobelt with two Au electrodes securing 2 ends of the MoO3 nanobelt with 
the nanobelt under the electrodes [Figure  4-11(d)]. SEM image of the single MoO3 
nanobelt anchored on both side by Au electrode is shown in Fig. 4-12. 
 
 
Figure  4-11: (a) A drop of nanowire solution on clean substrate. (b) “UHU-Glue 
thread” on nanowire filled substrate. (c) Substrate undergoing electron beam 
evaporation. (d) Substrate with nanowires embedded by gold electrodes. 
 




Figure  4­12: SEM image of nanobelt under Au electrodes 
 
4.4 Electrical measurements 
 
 
A 2-point probe measurement was conducted using an electrometer (Keithley 
6517A). The current-voltage data acquisitions were carried out with the help of a 
computer interface. Further investigations on the effects of a linearly polarized laser 
illumination on the single nanobelt were carried out using a blue light-emitting laser 
(405nm, Power Technology Incorporate, Model No. LDCU12/7443, 48mW).  The 
intensity of the laser was varied from 40.1mW to 20mW using a polarizer place in the 
optical path of the laser.  
In the investigation of the electrical characteristics under different operating 
environments, the instrumental setup was arranged as illustrated in Figure  4-13. The 
chamber was first introduced with a gas (either N2 or O2) and maintained at 50 torr. 
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After the pressure stabilized, the current versus time measurements were made and 
the effect of the laser on the photocurrent was studied. 
 
 
Figure  4-13: Schematic of experimental setup for electrical measurements. 
Presence of gas inlet, outlet and pressure gauge is used to regulate chamber 
environment.  Polarizer in the laser optical path enables the variation of intensity 
of the linearly polarized laser. 
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4.5 Results and Discussion 
 
 
Figure  4-14: I-V Measurement of single MoO3 nanobelt in pressure of 2.2 x 10-5 
Torr. Inset shows the modeled circuit diagram. 
 
From Figure  4-14, we see a symmetric semi-conducting curve, indicating 
good electrical contact.  Such an experimental setup is usually modeled as a metal-
semiconductor-metal contact and can be expressed as an equivalent electrical circuit 
of two back facing diodes9.  




Figure  4-15: Comparison of the currents between with laser illumination and 
without laser illumination 
 
When the sample was illuminated with blue light emitting laser (405nm), a 
significant increase in the current [Figure  4-15] was observed. Upon laser 
illumination, the presence of energetic photons creates electron-hole pairs. When the 
holes migrate and combine with the negatively charges oxygen ions, the 
photogenerated electron experienced a net increase in carrier density and reduced 
barrier height near the oxygen absorbed sites which in turn gives rise to an increase in 
current seen in Figure  4-15. However when the photon used has energy lower than the 
band gap, it has been proposed that the increase in current is caused by the excitation 
of electrons captured in the defect states to the conduction band10 and the 
photoresponse curve was the result of two different processes11. This process can be 
seen when the current versus time relationship is investigated. The device was first 
placed in a chamber [Figure 4-13], evacuated to and maintained at a pressure of 2.2 
x10-5 Torr. In the current versus time measurement, a bias of 100 volts was applied to 
the setup shown in Figure 4-12. This bias was applied to the device over a period of 
1800 seconds. During the initial 600 seconds, the system was allowed to attain its 
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equilibrium state (stable current) before the blue light-emitting laser (405nm) was 
irradiated onto the sample.  After around 600 seconds, the laser source was removed 
and the system was allows to decay to its stable state [Figure  4-16]. 
 
 
Figure  4­16:  Comparing the Current vs. time for different intensities of blue 
light emitting laser (405nm) 
 
The initial sharp rise was a result of the increase in conductivity due to the 
bulk effects while the slow rise at the later time was attributed to the surface effect of 
desorbing oxygen12. The photocurrent generated depends on the intensity of the 
photon (25.1mW and 13.7 mW). In thin film, it was shown that in the presence of less 
grain boundary, more oxygen would be trapped in the bulk of the material, giving rise 
to enhanced bulk effect. While in the presence of large amount of grain boundary, 
surface related photoconductivity dominates11. In this experiment [Figure  4-16], the 
bulk effect is the initial time when both currents coincide.  In the MoO3 nanobelt, due 
to the large surface to volume ratio, the effect of the bulk was very small compare to 
Laser off 
Laser on 
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the surface. Thus the point of transition from bulk to surface effect occurs 7 seconds 
after the laser was switched on [Figure  4-16 dotted line].  
Since molybdenum oxide is considered as an n-type semiconductor, there may 
be a presence of oxygen deficiencies13 in the material due to the lack of oxygen in the 
growth process. Both the presence of water molecules and oxygen can terminate the 
oxygen deficiencies. The oxygen molecules can capture electrons while water 
molecules from the atmosphere can be physisorpted, followed by chemisorpted onto 
the surface of the nanowires, giving rise to the presence if hydroxyl bonding (OH-) 
which can terminate the oxygen deficiencies and reduce the mobility of the electrons 
in the nanowires 14-16. As the surface has its oxygen deficiencies terminated by both 
the oxygen and water molecules, a depletion layer is formed and occurs in the region 
close to the surface. When the nanobelts were exposed to laser emitting blue light, 
both the absorbed oxygen species such as the O2, O2-, O2- and the water species such 
as the H2O and OH- that causes the depletion layer may become removed, generating 
electron-holes pairs thus increasing the conductivity of the nanowires17.  Since this 
experiment was conducted in a low-pressure environment, there were smaller number 
of oxygen and water molecules available. Hence, once the blue light-emitting laser 
was removed, the current through the device was unable to return to the original value 
(higher current through the device) as the probability of oxygen and water molecules 
re-absorptingto the nanobelt surface is lower, impeding the formation of the depletion 
layer on the nanobelt surface. 
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4.5.1 Effect of laser light wavelength on the current 
 
 
Investigations on the effect of wavelength of laser on the photocurrent were 
conducted. The same sample was used and the electric current versus time 
measurements was noted while different light emitting lasers was irradiated onto the 
sample. The blue light emitting laser (405nm) and green light emitting laser (532nm) 
were used to investigate the effects of laser wavelength in the electrical transport.  
 
 
Figure  4­17: Comparison between the Blue Light emitting laser and Green light 
emitting laser 
 
Figure  4-17 effectively shows that the photocurrent generated by photon 
irradiation depends on the photon wavelength. This observation is attributed to the 
different mechanism that gives rise to the effect of photocurrent. In the case of MoO3, 
the bandgap lies around 3.2eV7,18 (388nm), which is in the UV region. When the 
sample was irradiated with the blue light-emitting laser, the energy of the blue light-
emitting laser was much lower than the bandgap. Thus, photoexcitation due to defect 
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states occurs. As photons with wavelength below the bandgap is introduced, the 
electrons trapped in the defect states created by adsorption of oxygen molecules are 
excited to the conduction band, thus, causing an increase in photocurrent10.  
Photoluminescence Microscopy (PLM) was conducted using a Kimmon 1K 
Series He-Cd laser, Model. 5161R-G to excite the sample. Following that, PL signals 
were then obtained through a digital camera mounted onto a microscope. The digital 
camera was connected to a computer where the spectrum was plotted and stored. 
From the photoluminescence graph [Figure  4-18], we can clearly see that the broad 
PL peak in the long wavelength region indications many possible states present in the 
recombination centers. This observation supports our hypothesis that both the surface 
and bulk effects played a role in our photocurrent measurements.  
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4.5.2 Effect of chamber pressure on the photocurrent  
 
 
Previously, we had proposed the effect of the adsorption and desorption of 
oxygen molecules on the current through the MoO3 nanobelt seen in Figure  4-16. To 
further verify our hypothesis, the effect of chamber pressure on the electron density 
before and after laser irradiation was investigated. The experiment was setup as 
illustrated in Figure  4-13 with the chamber pressure being kept at a constant pressure. 
Once the chamber pressure has stabilized, an I-V sweep was conducted and recorded.  
The back-to-back diode equivalent circuit seen in Figure  4-14 can be modeled 
using the thermionic field emission theory where the effects of tunneling current 
become prominent in low dimension systems19. In this theory, the reverse biased 
Schottky junction the current-voltage relationship in Equation  4-23 can be re-
expressed as [Equation  4-45], where IA is an area factor, e is electronic charge, k is 
Boltzmann constant (1.38 × 10-23 m2 kg s-2 K-1), T is temperature and Is a slowly 
varying function of the applied voltage. 
 
 







) + ln I
s
 Equation  4-45
 

























2 , with m* is the effective mass of 
electron in MoO3 nanobelts, εs is its relative permittivity and ε0 is the permittivity of 
free space.  
Using the approximation of hyperbolic cotangent to the first 2 terms, we are 
able to simplify and obtain the ratio relationship between the charge density carrier 
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before laser illumination and after illumination to be [Equation  4-46] where gwith laser 




























 Equation  4-46 
 
The ratio for different chamber pressures then works out to be 4.00 : 1 (for 65 
torr), 3.31 : 1 (for 80 torr), 3.14 : 1 (100 torr), 2.54 : 1 (120 torr), 1.07 : 1 (150 torr).  
It was reported that the effect of laser on the photocurrent is the result of the 
absorbance and desorption of oxygen and water10.Since the gradient is related to the 
amount of charge carriers [Equation  4-45] and the pressure is related to the number of 
oxygen atoms, which consequently translated to the number of recombination (defect) 
states. The observation of the increase in carrier density for lower chamber pressure 
clearly supports the hypothesis that the photocurrent is the result of the excitation of 
electrons in defect states. The electrons trapped in the defect states were excited to the 
conduction band in the presence of photons, causing the physisorbed oxygen atom on 
the nanobelt to leave20. With a lower chamber pressure, the rate of oxygen atoms re-
adsorption to the nanobelt surface is lower, thus, resulting in the reduction of overall 
defect states, which in turn increases the charge carrier density. Clearly, the role of the 
surface of the MoO3 plays an important part in the electrical transport. It should be 
noted that Equation  4-45 is mainly used in the MSM (Metal-Semiconductor-Metal) 
configuration measuring the bulk properties of the nanowires19. The main justification 
for us using this equation is that MoO3 exhibits bulk-like behaviour. Moreover, semi-
conducting MoO3 exist between the gold electrodes, and the results that were obtained 
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experimentally showed that our assumption is consistent with the theory brought 
forward. 
 
4.5.3 Effect of intensity on the photocurrent 
 
To investigate the effect of laser beam intensity on the photocurrent, a bias of 
100 volts was applied to the sample illustrated in Figure  4-12 where the chamber was 
evacuated to a pressure of 2.2 x 10-5 torr. The system was allowed to attain a stable 
state before the blue light-emitting laser was introduced for 300 seconds. A polarizer 
was used to control the intensity of the laser beam by varying the angle of polarization 
in the polarizer with respect to the linearly polarized laser. The result was plotted into 
a graph [Figure  4-19] of current versus time. The time in the graph corresponds to the 
total laser exposure time, while the verticle axis denotes the photocurrent generated in 
the presence of blue light-emitting laser.  
 




Figure  4-19: Current versus time graph of single MoO3 nanobelt under different 
intensity of blue light emitting laser 
 
From Figure  4-19, we can clearly see the high dependence of photocurrent on 
intensity of the blue light-emitting laser.  The increase in photocurrent over time is the 
result of desorbing oxygen and water molecules from the nanobelt surface. It was also 
noted that as the intensity of the laser increases, the slope of the graph seen in Figure 
 4-19 increases. This observation was the result of the increase in oxygen and water 
molecules desorption rate from the nanobelt surface as the photon intensity increases 
(increase rate of photo arrival onto nanobelt surface). 
In the theory of photoconduction in semiconductors, at short times, the 
number of photo-electrons generated is given by Equation  4-4721 with β as the 
"quantum yield" or the number of pairs of electron hole form per quantum of photon, 
k is the optical absorption coefficient, I is the intensity of photon, M the density of 
defect states γn the capture probability of an conduction band electron to the M states, 
NCM the effective density of states in the conduction band and [Equation  4-48]. 
 



















θ = 1γ n M + NCM( ) Equation  4-48
 
By first approximations we obtain [Equation  4-49] and [Equation  4-50]. 
 
 n = βkIt     when t << θ  Equation  4-49
 
n = βkIt NCM
M + NCM
    when t >> θ  Equation  4-50
 
While at longer times, we approximate with the relationship [Equation  4-51] where 
[Equation  4-52] and [Equation  4-53]. 
 


















S − s( ) Equation  4-53
 
In Equation  4-53, γnS is the transition probability of the electrons from 
conduction band to the recombination states S (total recombination center 
concentration), while s is the density of electrons occupying the S states. From the 
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equations, we can clearly see that the effect of the intensity being proportional to the 
number of photoelectrons generated is fully illustrated in Figure  4-19.  
Further investigations on the charge carrier density using the relationship given by 
Equation  4-46 on the current-voltage measurements on the effects of 18 minutes of 
blue light-emitting laser illumination, yield 467% increase in carrier density using a 
laser with an intensity of 34.5mW, 341% and 145% increase in carrier density for 
30mW and 28mW laser intensity respectively. These observations confirm the model 
that indeed, the laser intensity has significant effect on the amount of charge carriers 
generated.  
4.5.4 Effect of environment on the I-V characteristics 
 
 
In this experiment, the equipment was setup as shown in Figure  4-13. The 
gases introduced into the system were O2 or N2 with chamber pressure maintained at 
50 torr. The current across a single nanobelt was monitored over a period of 1200 
seconds. The initial current (dark current) was measured for 120 seconds before laser 
illumination was introduced.  The laser illumination lasted for 600 seconds before 
blocking the laser source and the decaying photocurrent process was measured. The 
detailed treatment for the analysis involved the separation of the photocurrent versus 
time graph of the nanobelt into short and long times before applying the model 
illustrated in section 4.2.  





Going back to the theory on photoconduction in semiconductors, we recall 
that at short times, the number of photo-electrons generated is given by the equation 
[Equation  4-54] with [Equation  4-55]. 
 
 











 Equation  4-54 
  
 
θ = 1γ n M + NCM( ) Equation  4-55 
 
Since [Equation  4-56] , [Equation  4-57]. 
 




Photocurrent = nqv ⇒ n = Photocurrent
qv
 Equation  4-56 
 
 











 Equation  4-57 
 
When t << θ  [Figure  4-21], by first approximations we obtain [Equation  4-58]. 
 
 n = βkIt  
 Photocurrent = βkIqvt  
Equation  4-58 
 
And at t >> θ, we obtain [Equation  4-59]. 
 




Photocurrent = βkIqvt NCM
M + NCM
 
Equation  4-59 
 
While at longer times [Figure  4-22], we do an approximate with the relationship in 
[Equation  4-60], where [Equation  4-61]. 
 
 











Equation  4-60 
 








⎠⎟  Equation  4-61 
 
 
Figure  4­21: Curve Fitting done on data obtained for short times 




Figure  4­22: Curve Fitting done on data obtained for long times 
From the curve fitting, we are able to obtain the following data: 
  y0  A1  t1  A2  t2 
Short Time  4.11 x 10-12  3.12 x 10-10  9.32 x 10-2  -  - 
Long Time  1.92 x 10-12  -  -  3.30 x 10-10  5.81 x 10-3 
 
Details on the calculation process are included in the Appendix section of the thesis. 
Comparing with the y0 we obtained using curve fitting during both the short and long 
times, we observed that the values were of the same order of magnitude. Hence, the 
model we used in this example corresponds relatively well with experimental data.  
Through some manipulation in the equations, we are able to obtain the 
relationships below: 






NCM  Equation  4-62 





 Equation  4-64 
 




⎠⎟ = t1  Equation  4-65 
 














 Equation  4-67 
 
Once the illumination source has been removed, the photocurrent generated 
experienced an exponential decay [Figure  4-23]. 




Figure  4­23: Photocurrent generated after illumination removed 
Clearly, the exponential decay takes a longer time to reach the initial value. 
This is because this experiment is conducted in a chamber with 50 torr of oxygen 
[Figure  4-24]. The lack to oxygen molecules and pressure give rise to a reduction in 
probability of adsorption and chemisorptions.    




Figure  4­24: Curve Fitting done for O2 environment after removal of blue light 
emitting laser 
 
The initial steep part of the graph is attributed to the bulk effects while the 
exponential decay region is due to the surface effects. From the curve fitting, we 
obtain the relaxation time for the dark current to be around 128.2 seconds and the 
photocurrent returned to the original value before the start of the experiment. 
The experiment was repeated under N2 environment with the chamber 
pressure maintained at 50 torr of N2. The effect of blue light emitting laser was noted 
and the initial rise of the photocurrent was curve fitted [Figure  4-25]. 
 




Figure  4­25: Curve Fitting done for N2 environment under blue light emitting 
laser 
 




Figure  4­26: Curve Fitting done for N2 environment after removal of blue light 
emitting laser 
 
From the curve fitting and the manipulation of data, we were able to obtain 
γnNCM to be 1.4 x 10-3 and NCM/(M+NCM) to be 0.044. The initial steep part of the 
graph [Figure  4-26] was attributed to the bulk effects while the exponential decay 
region is due to the surface effects. From the curve fitting, we obtain the relaxation 
time for the dark current to be around 100.5 seconds and the photocurrent did not 
return to the original value before the start of the experiment. 
From the curve fitting of the obtained data [Figure  4-27], we were able to 
determine τ’ to be around 172 seconds and with a return probability between the 
conduction band and trapping levels (γnNCM) to be around 1.15 x 10-2. The low value 
means that the probability of electrons residing in the trapping levels is much higher 
than their possible transition to the conduction band. We also observe that the 
“phenomenological quantum yield” defers from the true yield by a factor of 0.124. 
  Chapter 4: Electrical Transport 
 
 130
this indicates that the fraction of electrons excited to the conduction band is 12.4% 
while the rest were trapped in the tapping levels. 
The return probability between the conduction band and trapping levels for the 
N2 environment (γnNCM = 1.4 x 10-3) is much smaller than the O2 environment. This 
suggests that the electrons were trapped in the M levels longer for the N2 environment 
compared to O2 environment. We also observe that the “phenomenological quantum 
yield” defers from the true yield by a factor of 0.044 indicates that the fraction of 




Figure  4-27: Comparison of the photocurrent generated versus time graph 
between N2 and O2 environment.   The dashed line indicates the fitted curve for 
O2 gas and solid line indicates the fitted curve for the N2 gas.  
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Clearly from Figure  4-27, we could see that the effect of O2 on the 
photocurrent was much lower compared to N2. It was reported that in nitrogen-doped 
ZnO film, there was a reduction in photoresponse time22. We believe the same 
phenomena could be used to explain our observation. It was proposed that nitrogen 
acts as an acceptor. The presences of nitrogen atoms helped filled oxygen vacancies 
and accepted some of the excess electrons in the conduction band. Since the 
electronegativity of nitrogen (3.04 Pauling Scale) is lower compared to oxygen (3.44 
Pauling Scale), the ability for nitrogen to attract electron while covalently bonded in 
the gas phase is weaker compared to oxygen’s. As a result of weaker electron 
attraction in the nitrogen environment, the probability of electrons being excited to the 
conduction band increases, thus photocurrent increases. In the case of an oxygen 
environment, the constant process of adsorption and desorption causes the efficiency 
of photocurrent generation to remain low.   After removing the laser illumination and 
allowing the current to decay, we noticed that in the N2 environment, the current 
remained much higher compared to the initial dark current, while in the O2 
environment, the decreased current exhibit an even lower value compared to the 
initial dark current. These observations further support our proposed oxygen 
dependant photocurrent generation mechanism. As nitrogen has lower 
electronegativity, the dark current will return to value larger than the initial dark 
current [Figure  4-28]. 




Figure  4­28: Comparison of the current versus time graph between N2 and O2 
environment 
 
In the case of O2 environment, consider the reading obtained between the 2 
green lines in Figure  4-20. For Figure  4-20, with the linear part of the graph being the 
bulk effect while the exponential part being the surface effect, we would expect to see 
a substantial linear part in the current versus time graph due to the high surface to 
bulk ratio in the MoO3 nanobelt. It was proposed that a steep linear portion indicates a 
large amount of oxygen defects in the bulk. Hence the long initial response time 
(short response time is in a order of μsec) observed in our experiment indicates little 
oxygen defects within the bulk of the material. In the process of the calculations, we 
assumed that the measurement time is comparable to the relaxation time of the 
electron. To justify our assumptions, recall the relaxation time of the electron in 
Equation  4-53. It was proposed that the adsorption (chemisorbed and physisorbed) of 
oxygen ions give rise to depletion region on the material surface, thus serving as 
recombination centers. Conducting our experiment under the O2 environment, the 
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constant supply of oxygen ions to the nanobelt surface, ensured the number of 
recombination states (S) remained large and constant. Thus τn was assumed to remain 
constant throughout the entire experiment. In addition, with the presence of a large 
number of recombination states, the relaxation time of the electrons would be kept 
small by the equation above.   
 
 















⎟⎟  Equation  4-68
 
Equation  4-68 relates the time constant at “long” time to the relaxation time of 
the electron. We proposed that for the single MoO3 nanobelt, the small dimensions 
and crystallinity, results in the absence of oxygen defects and impurity in the bulk 
structure. Thus, the number of trapping centers (M levels) is small. Although O2, 
having high electron affinity, will result in deeper M levels (larger ΔεM), because        
M << NC  (number of states in conduction band), τ’ will still remain small, justifying 
the various equations used for curve fitting.  
In the analysis of the N2 environment, we would like to propose that the 
relaxation time for the electrons is much longer as compared to the one in O2 
environment. Using Equation  4-53, nitrogen ions having lower electron affinity 
compared to oxygen ions, γnS for the nitrogen environment is smaller than γnS for the 
oxygen environment.  This is because lower electron affinity results in a shallower 
recombination center. Defining capture probability as [Equation  4-69], where qn is the 
electron capture cross section and vn is the velocity of electron. 
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 γ nS = qnνn  Equation  4-69
 
Since shallow traps have smaller capturing cross-sections, the capture probability for 
shallow traps is small. Thus, the relaxation time for N2 environment is longer 
compared to the O2 environment. Since N2 do not trap electrons easily, the bond 
between the adsorbed nitrogen ions and the nanobelt surface would be weaker 
compared to the oxygen ions, making desorbing much easier. In the presence of blue 
light emitting laser, the nitrogen ions desorpt faster and adsorpt slower. This process 
reduces the overall effective number of recombination centers in the N2 environment. 




In conclusion, we have discussed the possible mechanism that have given rise 
to the presence of photocurrent in the nanobelt. This mechanism is the result of both 
the bulk and surface states that are present in our sample of molybdenum oxide. 
Deriving inspirations from the models such as the thermionic field emission and 
photocurrent effects, experiments were conducted to confirm the effect of oxygen on 
the photocurrent. The presence of oxygen atoms give rise to the formation of deeper 
recombination centers that traps electrons causing a decrease in photocurrent.  
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Chapter 5 : Investigations of the gas sensing and field 
emission properties of MoO3 nanobelts and its hybrid 
 
 
In this chapter, we attempt to investigate some possible applications of MoO3 as 
devices. It was reported that MoO3 could be used for gas sensing purposes. For example, 
sensing for H21, NH31-3, CO4, CH3OH4, NO25 by MoO3 have been successfully 
demonstrated and the hybrid system of electrochemically deposited MoO3 onto carbon 
nanotubes (CNT) was found to be good bromate sensors6.  Like many other metal oxides, 
MoO3 also exhibit good photochromic properties7,8 that can be used as “smart windows”, 
imaging devices, displays and for solar energy conversion9-11. Other interesting properties 
that MoO3 exhibit are photochemical properties12, catalytic properties13,14, electrochemical 
properties15,16, metal gates17 and etc. In this work, we will be investigating the gas sensing 
capabilities of single crystalline MoO3 nanobelt, the field emission properties of samples 
comprising of a film of MoO3 nanobelts and finally the possibility of combining MoO3 and 
CNT by growing the MoO3 nanobelt directly onto CNT forming a hybrid system1,6,18,19. 
 
5.1 Gas sensor  
 
 
In our present day, everything we use are in the process of miniaturization and the 
increasing demand for lower power consumption makes the process of finding new devices 
ever more challenging. The ability to detect minute amount of gases is extremely important 
in our present day industry. The presence of unwanted gas may compromise quality of the 
products created or worse, the safety of the people working in the environment.  Hence, the 
availability of a material that is both a good gas sensor and miniature in size with low 
power consumption will definitely be of great use to both the home and the industry. 
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A lot of work and research had been carried out in the past on study of various 
metal-oxides thin films on their potential as gas and vapor sensor. Materials such as ZnO20, 
SnO221 and In2O322 are being used to detect hydrogen, carbon monoxide, ammonia3, ethanol 
and NO25. As a large portion of the gas sensing studies1,23,24 had been carried out on the 
molybdenum oxide thin film, it would be interesting to see if the same effect is present on a 
single crystalline nanobelt.  Moreover, it would be worthwhile to explore if the morphology 
of nanobelt provides any superiority in performance over the thin film format. In this 
experiment, we investigated the effects of pressure and type of gas on the electrical 
transport characteristics of molybdenum oxide nanobelts and compare their performance 
against those reported for thin films. 
 
5.1.1 Experimental Setup 
 
 
In the experiment, the setup used for the gas sensing experiment was a vacuum 
chamber [Figure  5-1] with computer controlled flow rate and the sample prepared using the 
“Nanowires Embedded in Electrodes” technique [Figure 4-11] as described in Chapter 4. 
From Figure  5-1, the current-voltage measurements were made using the lead wires 
attached to the Keithley 6517A located outside the chamber. On the side of the vacuum 
chamber, there are wires welded through an insulating connection port, which serve as 
electrical contacts. The electrical connection between the sample and Keithley 6517A was 
made by using a pair of crocodile clips to secure the leads from the sample to the welded 
wires. To investigate the gas sensing ability of the nanowires at different pressures, 
different gases are introduced into the chamber through the computer-controlled flow meter 
(MKS 1179 for N2 and NH3 gases, Brooks 5850E for O2 gas). The pressure gauge used for 
the pressure dependence experiment was Inficon BPG400. 
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Figure  5-1: Schematics of the PECVD Chamber 
 
 The I-V characteristic of the nanobelt was measured before and after the 
process of evacuating the chamber. It was observed that there was a significant decrease in 
current when the chamber pressure was low [Figure  5-2]. Since the main composition of 
ambient air is O2, N2 and humidity, the investigation of the MoO3 nanobelt as possible 
candidate for gas and humidity sensor was conducted. It was also reported that MoO3 was a 
good ammonia sensor3. Hence, the effect of ammonia on the electrical resistance of 
molybdenum oxide nanobelt was also studied.  
 The adsorption of oxygen molecules onto the surface of the molybdenum oxide 
nanobelt might result in a change in surface states due to the electronegativity of oxygen 
ions25. The experiment was conducted using the setup as shown in Figure  5-1. The 
electrical resistance was first measured when the chamber was pumped down to a pressure 
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of 1.7mTorr before the gases (O2 or NH3) was introduced. The chamber was allowed to 
maintain at a constant pressure of 60.5mTorr.  
 
Figure  5-2: I-V characteristics of MoO3 nanobelt before and after chamber evacuation 
 
However, experiments had shown that MoO3 does not exhibit good sensitivity for 
both O2 [Figure  5-3] and show only mild dependence on NH3 [Figure  5-4]. Comparing the 
results of the I-V measurements before and after NH3 exposure [Figure  5-4], suggests that 
MoO3 nanobelts do not make a good ammonia sensor. To ensure that MoO3 do not sense 
ammonia, the I-V characteristics for chamber pressures of 500mTorr and 1500mTorr were 
also measured [Figure  5-5]. Both exhibit no significant change in electrical resistance. 
Hence we conclude that MoO3 nanobelts is a poor ammonia detector. 
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Figure  5-4: I-V characteristics of the effect of NH3 on MoO3 nanobelt 
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Figure  5-5: Comparison of the effect of different chamber pressures of ammonia on 
the I-V characteristics 
 
Since N2 being a rather inert gas that has no oxidizing effect on the nanobelt 
surface, it would be sufficient to infer the role of humidity on the nanobelt if we were able 
to conclude the poor sensitivity of the nanobelt to the presence of oxygen gas.  
5.2 Field Emission Properties 
 
The technological commercial advantage of field emission (FE) is to create display 
panels. Some of the good field emitters being studied were the various forms of one-
dimensional nanomaterials such as carbon nanotubes (CNT)26-29, SiC nanowires30-32, SiCN 
nanorods33, Cu2S34 and tungsten35 nanowires. Various other groups using different 
synthesis techniques and substrates also studied the field emission property of MoO3 
nanowires grown on Si substrate. The synthesis methods reported by J.Zhou et al. 36,37 and 
Y.B Li et al. 38 involves the heating of Mo foil using infra-red radiation and growth 
chamber. The diameters of the nanomaterials have been reported to be 50 -200nm and had 
been observed to exhibit interesting field emission properties.  
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 Using the hotplate technique that was illustrated in an earlier chapter, vertically 
aligned MoO3 nanobelts was synthesized. Hence it would be interesting to investigate if the 
nanobelts grown also exhibit FE properties. To synthesize the aligned nanobelt, a piece of 
Mo foil (5mm x 5mm x 0.05mm thick) from Aldrich Chemical Company, Inc) was used as 
a Mo source and placed on a Cimarec digital stirring thermal hotplate. Spacers 0.6 mm in 
thickness were used to separate the silicon substrate and the Mo foil [Figure  5-6].  
 
 




 The foil was heated at 540oC for 3 days before cooled naturally under ambient 
conditions. The sample was viewed under a scanning electron microscope (SEM, JEOL 
JSM-6400F). Under a SEM, the nanobelts appeared to be vertically aligned [Figure  5-7] 
and the nanobelts share the same morphology as seen in nanobelts grown without the 
spacers [Figure 2-5].  
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Figure  5-7: SEM image of MoO3 grown on silicon substrate. 
 
 The investigation on the FE property of the material was conducted in high vacuum 
(9.0 x 10-6 Torr) inside a vacuum chamber. Figure  5-8 shows the schematic of the setup for 
the FE experiment. The lead for both the anode and cathode were attached to the Keithley 
237 Current Voltage Source and Measure.  
 
Figure  5-8: Schematic for a Field emission setup with the sample held within a 
vacuum chamber 
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Figure  5-9: Plot of applied field against current density. Comparing plot for MoO3 on 
Si substrate against plot for Si substrate. 
 
 From the plot of the applied field against the current density [Figure  5-9], we can 
clearly see that MoO3 is a poor FE candidate as oppose to the results reported by the other 
groups37,38. The reason for the poor FE performance was believed to be due to the geometry 
of the nanobelts. As we see from Figure  5-7, the tip is flat, making it a poor FE candidate as 
compared to sharp nanowires. The current detected from the pure Si sample is not the result 
of field emission but the conduction of electricity across the spacer. The flat line seen for 
the MoO3 sample might be the result of MoO3 being a highly insulating material, inhibits 
the conduction of electricity through the spacer. 
5.3 Hybrid Systems 
 
As the previous experiments on the gas sensing and FE properties of the MoO3 
nanobelts yield discouraging results of their applications as sensors and FE devices, we 
hope to achieve more promising results for possible applications using MoO3 nanomaterial 
if we explore the possibility of a hybrid system. Further experiments were conducted to 
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investigate the FE properties on the hybrid system of CNT and MoO3 using the same 
growing technique stated in Figure  5-6. The modifications made were the substrate and 
temperature used for growth. A CNT on silicon was used as substrate instead of silicon and 
the temperature used was 400oC to prevent the oxidation of carbon. The SEM images 
showed very interesting growth of MoO3 onto CNT [Figure  5-10]. The images suggest the 
molybdenum oxide nanobelts do not grow from the silicon substrate as seen in Figure  5-7, 
instead the MoO3 molecules nucleate in between the CNT fibers. However, the FE 
experiment conclude the presence of MoO3 between the CNT fibers do not give rise to an 
enhancement in FE properties [Figure  5-11].  
 
Figure  5-10: SEM image of MoO3 nanobelts grown on CNT substrate 
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Figure  5-11: Plot of applied field against current density. Comparing plot for MoO3 
on CNT against plot for CNT.  
 
  
It is interesting to note the growth of molybdenum oxide on the CNT [Figure  5-10] 
showed that MoO3 structures do not grow from the Si substrate. This observation prompted 
us to investigate how MoO3 would grow on patterned CNTs. In this investigation, a 
pattered CNT was used as substrate [Figure  5-12a], the conditions were the same as the one 
used to grow MoO3 on CNT for Field Emission investigation.  
From Figure  5-12b – Figure  5-12d, we clearly see very interesting growth pattern 
onto the CNTs. From Figure  5-12, the growth of MoO3 nanomaterials were observed to 
grow on the CNT strands. It is highly possible that the strands of CNTs act as trapping 
centers for MoO3 molecules during the heating process. The trapped molecules will then 
nucleate to form MoO3 nanobelts. However in this growth process, because the MoO3 
molecules are able to approach the nucleation center from all directions [Figure  5-12(a)], 
we would expect the growth rate of [100] direction to be slightly faster as compared to the 
growth from the method illustrated in Figure 2-6. This gives rise to a lower aspect ratio 
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between the [100] to [010] direction and the [100] to [001] direction [Figure  5-12(b)-(d)]. 
More experiments on the possible practical applications will be carried out in the future.  
 
 
Figure  5-12: SEM image of MoO3 grown on patterned CNT (a) image of CNT pattern 





In conclusion,  we had found that MoO3 exhibit very weak gas sensing and FE 
properties to be used for real life application. However, more research had to be done to 
further explore the possibilities of using MoO3 nanobelts for other applications or even 
integrating MoO3 nanomaterial with other materials to achieve more desirable and 
enhanced properties.
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Chapter 6:  Conclusion 
 
 
In this thesis, the main emphasis of the work was on the molybdenum oxide 
(MoO3) nanobelts. The discussion began with a review on the common practices 
adopted in the research community to synthesize MoO3 nanobelts. The various 
practices and research works done laid the foundation of this work. To investigate the 
molybdenum oxide nanobelt, the first task was to synthesize the nanomaterial. In this 
work, the hotplate technique was adopted and deployed to synthesize the nanobelts of 
interest. The main advantage of this technique is that it is easy to perform. Most 
importantly, this technique can be easily extended to different substrates to synthesize 
nanomaterials with different morphologies.  
Following the synthesis and the subsequent characterization of the nanobelt, the 
optical property was investigated. Vibrantly colored nanobelts were observed after the 
synthesis process. The origin of the colors was investigated and with the help of 
theoretical models, the origin of the colors was found to be highly dependent on the 
thickness of the nanobelt. With the model in hand, both the reflectance and 
transmission spectrum of the nanobelts can be predicted and accounted for with 
reasonably high accuracy, paving the way for a new methodology of performing 
ellipsometry on nanomaterials. Further investigations on the feasibility to accurately 
control the color displayed by manipulating the thickness of the nanobelts were also 
conducted. The result of this investigation led to the exciting development of a new 
technique that utilizes Atomic Force Microscopy to perform highly precise machining 
on the nanobelts.  
 The possible application of the molybdenum oxide nanobelt as electronic devices 
was also investigated. This process led to the development of a technique known as 
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“nanobelts under electrode” to fabricate the device for electric transport 
measurements of the nanobelt. This technique is inexpensive, the contact between the 
nanobelt and electrodes are good. This technique can be used easily to fabricate 
devices to perform electrical transport measurements for almost all types of nanowires 
or nanobelts with a length longer than 5 micrometers.  The possibility of using 
molybdenum oxide nanobelts as photo-sensors was also explored. Through the 
electric transport measurements and the models proposed, the data collected shed 
light on the relationship between the exposure of the nanobelt to photons and 
generation of charge carriers. It was also found that the role of surface adsorpted 
oxygen molecule played a major role in the mechanism for photo-sensing in the 
molybdenum oxide nanobelt device. This finding has direct implications in 
fabricating more efficient molybdenum oxide nanobelt photo-sensors.  
Finally, investigations on the application of this metal oxide nanomaterial was 
extended to its gas sensing capabilities, field emission properties and the possibility of 
a hybrid system. Unfortunately, the material showed little gas sensing properties and 
was found to be an inefficient field emitter. However, the hybrid system of carbon 
nanotubes (CNT) and molybdenum oxide yield interesting morphologies. Although 
this new morphology did not yield more efficient field emitters, the successful 
synthesis of CNT and molybdenum oxide nanostructures opened up new research 
opportunities for this type of hybrid systems. Future work on the possibility of 
studying the capacitance of such hybrid systems can be conducted as both multi-
walled CNT and molybdenum oxide were reported to have super-capacitance 
properties. Another interesting work that can be conducted on the hybrid system is to 
convert molybdenum oxide to other substances such as molybdenum sulphide by 
chemically reacting the oxide with sulphur-containing gas. This process will change 
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the work function of the system without affecting the morphology of the 
nanostructure giving rise to the possibility of an enhanced field emitter.  
Investigations on molybdenum oxide nanobelts revealed that its optical properties 
are similar to its bulk counterparts. MoO3 nanobelts also serve as a good photosensor. 
However, it showed little gas-sensing properties and it is an inefficient field emitter. 







Appendix Figure 1: Curve Fitting done on data obtained for short times 
 
From the curve fitting, we are able to obtain the relationship 
 





Mθ 2 = 3.12 ×10−10 = A1






Appendix Figure 2: Curve Fitting done on data obtained for long times 
 





= 3.30 ×10−10 = A2











CM( )= y0 = 3.30 ×10−10 × 5.81×10−3 = 1.92 ×10−12
 
 
Comparing with this with the y0 we obtained using curve fitting during the 
short times, it showed that the values are of the same order of magnitude. Hence, the 
model we use in this example corresponds relatively well with experimental data.  




















































3.32 ×10−11 = 0.124
 
 
Once the illumination source has been removed, the photocurrent generated 
experience an exponential decay [Appendix Figure 3]. 
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Appendix Figure 3: Photocurrent generated after illumination removed 
 
Clearly, the exponential decay takes a longer time to reach the initial value. 
This is because this experiment is conducted in a chamber with 50 torr of oxygen 
[Appendix Figure 4]. The lack to oxygen molecules and pressure give rise to a 
reduction in probability of adsorption and chemisorptions.    
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Appendix Figure 4: Curve Fitting done for O2 environment after removal of blue 
light emitting laser 
 
The initial steep part of the graph is attributed to the bulk effects while the 
exponential decay region is due to the surface effects. From the curve fitting, we 
obtain the relaxation time for the dark current to be around 128.2 seconds and the 
photocurrent returned to the original value before the start of the experiment. 
The experiment was repeated under N2 environment with the chamber 
pressure maintained at 50 torr of N2. The effect of blue light emitting laser was noted 




Appendix Figure 5: Curve Fitting done for N2 environment under blue light 
emitting laser 
 
From the curve fitting, we are able to obtain the relationship 
 
y0 = βkIqυγ n NCMθ = βkIqυ NCMM + N
CM
= 8.72 × 10−13
a = βkIqυγ
n
Mθ 2 = 5.95 × 10−10 = A1


















































Appendix Figure 6: Curve Fitting done for N2 environment after removal of blue 
light emitting laser 
 
The initial steep part of the graph [Appendix Figure 6] is attributed to the bulk 
effects while the exponential decay region is due to the surface effects. From the 
curve fitting, we obtain the relaxation time for the dark current to be around 100.5 
seconds and the photocurrent did not return to the original value before the start of the 
experiment. 
